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\ DETERMINATION OF THE ABSOLUTE OHM, USING AN 
IMPROVED SELF INDUCTOR 


By Harvey L. Curtis, Charles Moon, and C. Matilda Sparks 


ABSTRACT 


A second determination of the value of the absolute ohm has been completed. 
The same method as that previously described has been followed. This required 
e computation of the inductance of a solenoid from its measured dimensions 
the electiical measurement of the same inductance in terms of resistance and 
Refinements were made in many of the details of measurement. Two 
nportant improvements were introduced. A new inductor was constructed in 
which the wire was wound in a screw thread of uniform pitch cut in a glass tube. 
error in the computed inductance which resulted from the variations in pitch 
ae been practically eliminated, whereas in the previous inductors this introduced 
ne of the largest uncertainties. The other improvement was in the alternating- 
irrent bridge measurements, where the effect of the capacitance to earth of the 
ir tor was evaluated. 
The result of this determination is 


1 NBS international ohm= 1.000 479 absolute ohms. 


stimating tne capacitances to earth of the inductors used in the previous 
‘, corrections have been applied to the results there obtained. The weighted 
rage of this result and the corrected results from the previous publication is 


1 NBS international ohm= 1.000 468 absolute ohms. 


The authors are of the opinion that this weighted average differs from the true 
value by less than 20 parts in a million. 
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I. INTRODUCTION 


An investigation to determine the value of the absolute ohm bas 
been in progress at the National Bureau of Standards for more than 4 
decade. This paper describes the developments in apparatus that 
have occurred since the previous publication ! and records the results 
that have been obtained by the use of the improved equipment. 


1 Curtis, Moon, and Sparks, An absolute determination of the ohm. J. Research NBS 16, 1 (1936) R P&S? 
Throughout the present paper references to the ‘previous paper,”’ “‘the previous article,” etc., refer to that 
publication. 
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The underlying principle employed in these determinations is that 
-ho patio of the absolute ohm to the international ohm is the same as 

. ratio of the absolute henry to the international henry. The 
-perimental procedure consisted first in determining the value of an 
»duetance in absolute henrys from the measured dimensions of an 
sduetor and from the permeability of the surrounding medium. 
e yalue of the same inductance in international henrys was then 
jetermined from electrical measurements which depended only on the 
international ohm and the mean solar second. The ratio of the two 
} values of the inductance permits the determination of the values of 
resistance standards in absolute ohms from their values in inter- 
national ohms. 

The present description will omit many details that were given in 
the previous paper. An effort has been made to have the present 
paper sufficiently complete so that the reader can ‘understand the 
purpose of all the improvements, but it will be necessary to refer to 
the previous article for the description of those things that have not 
been appreciably changed. 

In the previous publication it is shown that the greatest uncer- 
tainties in the final result arose from the variations in the pitch of the 
helix and the possibility that the galvanometers which were used in 
the absolute measurement of capacitance did not correctly integrate 
the current. Special consideration has been given to the elimination 
of these uncertainties. The apparatus designed for this purpose will 
be described in detail. At the same time, many things of lesser 
importance were improved and will be reported. 


II. CONSTRUCTION OF A SELF INDUCTOR WITH UNIFORM 
PITCH 


A new self inductor was constructed. This was a single-layer sole- 
noid in which the pitch of the winding was more uniform than in any 
of the solenoids previously described. This was accomplished by 
winding the wire of the solenoid in a uniform screw thread that was 
sround and lapped in a cylindrical tube which served as the form of 
theinduetor. With this type of construction there is greater difficulty 
in obtaining a uniform diameter than with a plain cylinder, such as 
was used previously. All of the processes of construction will be 
described in detail. 


1, ROUGH GRINDING OF THE FORM FOR THE INDUCTOR 


The form for the inductor was of Pyrex glass. As received from the 
manufacturer, the tube was annealed and the ends ground flat and 
polished, but the inside and outside surfaces were unfinished. The 
polished ends permitted an examination of the form for bubbles in the 
class. These bubbles were very numerous, but of those near the 
outside surface the largest had a diameter of less than 4mm. The 
lorm was about 120 em long, from 36 to 37.5 cm in outside diameter, 
and its wall thickness was about 10 cm. Conventional methods were 
used to rough-grind the outside and inside surfaces, so that they were 
nearly cylindrical and gave an approximately uniform wall thickness 
to the form. Then the method described in the previous paper for 
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grinding and lapping the outer surface to a very true cylinder was yp, 
but this operation was continued only until the variations in diamete 
were reduced to 0.005 mm. 


2. GRINDING AND LAPPING OF THE THREAD ON THE Fory 


The form was then mounted in a screw-cutting lathe by clamping }; 
between end plates that fitted on a 2-inch mandrel. A shallow spirg| 
groove was cut into the form by means of a steel disk, the rim of whic) 
was charged with diamond dust. The disk was mounted in bearings 
on the lathe carriage and was run at a speed of about 7000 rpm by; 
belt-connected motor. The disk was enclosed in a housing whic! 
was partially filled with kerosene. The form, at the point where }; 
was being cut by the disk, was kept continually wet with kerosene 
which dripped from an overhead supply. The glass form was rotate; 
at a rate of about 1 revolution in 2 minutes so that 40 hours were re. 
quired to cut the thread. The groove had only sufficient depth to 
guide the lapping tool which was later used to shape the thread. 

The form was then removed from the lathe and mounted on a shaf 
by means of a pneumatic device. This device consisted of a wooden 
cylinder wound with rubber tubing. The cylinder, which was about 
a meter long and 20 cm in diameter, had a hole along its axis through 
which the shaft passed. The cylinder was fastened to the shaft 
The shaft and pneumatic device were inserted in the glass form wher 
the rubber tube was collapsed by applying a vacuum. The rubber 
tubing was then inflated to about % of an atmosphere above norma! 
atmospheric pressure. In this way the glass form was supported uni- 
formly throughout its length. This mounting did not accuratel; 
aline the axis of the tube with that of the shaft, but this alinement was 
not necessary for the method of lapping which was employed. 

Two laps were used to grind the groove; a long lap for obtaining 
uniformity of pitch with only slight variations in diameter, and a shor: 
lap for removing variations in diameter. The laps are shown i: 
figure 1. The framework of the long lap was made of four Pyrex-glass 
tubes, each about 4 cm in diameter and 75 cm long, which were held 
in an iron frame and on which were mounted wrought-iron blocks 
having threads of the same pitch as those on the glass form. The 
blocks were portions of a wrought-iron pipe that had about the sam 
inside diameter as the outside diameter of the threaded glass form. A 
7-cm length of the wrought-iron pipe was threaded on the inside 1 
the same lathe that was used in cutting the thread on the outside 0! 
the glass form. This length was then cut into 32 segments whicl 
constituted the blocks used in making the lap. The blocks were 
assembled in four rows on the threaded glass form with their threads 
meshing into those of the form and with each row underneath a glass 
tube of the lap. Beeswax was used to hold the blocks to the glass 
tubes of the lap. This lap, which was long and light, had the sam 
over-all coefficient of expansion as the form to be lapped, and the 
same average pitch, but the shape of the threads was quite different 
on the lap from those on the glass tube. This is shown by the profiles 
A and B of figure 2._ The lapping process consisted in grinding the 
surface of the lap to fit the surface of the form, using a suspension 0! 
emery in water as a grinding material. The procedure was to coat the 
tube with the emery suspension, to place the lap on one end of the 
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Vicrometer used in determining the uniformity of pitch ol 


a lop view, (b) bottom view. 
he headstock is designated as .1, the tailstock as B By means of the sensitive levels the he 
tailstock can be placed in the same position relative to each other regardless of their positions o1 
The length of the fused-quartz anvil, C, of the tailstock determines the number of threads t 
ured. The micrometer screw, ), of the headstock has attached to it an arm on the end of 
pointer that reads divisions i scale, F, which has millimeter divisions, although the ] 
shows only centimeter divisions { millimeter division on the scale corresponds to a mot 
screw of about 1 uw, so that 0.1 w can be estimated. The lamp mounted on the dry cell is ex 
when the force between the any ind the micrometer screw reaches a definite value. Té 
this, a hole, drilled along the axis of the micrometer screw, is fitted with a rod which oper 
kK, when a force of about 200 g is exerted on the rod by the anvil See also fig. ¢ : 
he bottom view shows the edges, ////, the ends of which normally rest in the threads, since t! ‘ { 
curvature of the edge is less than that of the form. The planes, P, P, rest on the top of the f t 
both the headstock and the tailstock have a three-point support 
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form with about one-fourth of the length of the lap projecting beyond 
he end of the form, to start the driving motor in such a direction of 
rotation that the lap was carried in the threads towards the opposite 
end of the form, and to reverse the direction of the motor when about 
fourth of the length of the lap projected from the opposite end of 

the form. When the lap reached its starting position it was removed 
‘rom the form and turned end for end. This procedure was repeated 
until the threads appeared to be uniform. The final shape of the 
threads of both lap and form is shown by profile C in figure 2. The 
difference between the three profiles in this figure shows the changes 
in the shape of the threads on both lap and form during the lapping 
process. ‘The final profile is approximately a sine wave. The wave 
length was fixed by the original pitch of the threads. The depth of 
‘he thread was dependent on the relative rate of grinding of the form 
and the lap. Preliminary experiments had indicated that a wrought- 
iron lap on a glass form gave a satisfactory shape and depth for the 


thre ad. 


3. MEASUREMENTS FOR UNIFORMITY OF PITCH AND DIAMETER 
OF THE FORM 


Measurements were made at frequent intervals to determine the 
iniformity of pitch and the uniformity of diameter of the form. The 
micrometer for measuring uniformity of pitch is shown in figure 3. 
{ scale division corresponded to about one micron and tenths of 
microns could be estimated. A description of this micrometer is 
siven later in connection with the measurement of the pitch. The 
diameter was measured with a machinist’s micrometer caliper, which 
was attached to a frame suitable for resting in the threads of the form. 
The micrometer was modified by attaching a large head on which 
readings to tenths of a micron could be made, and by adding a device 
that permitted all measurements to be made with the same force 
between the measuring surfaces. For regular measurements of the 
diameter, wires of the same diameter as the copper wire with which 
the solenoid was to be wound were held loosely in the threads under- 
neath the faces of the micrometer. 


4. LAPPING TO PRODUCE UNIFORM DIAMETER 


The pitch became very uniform soon after the lapping started. 
However, the diameter did not become exactly uniform when only 
the long lap was used. The form had the same diameter at the center 
and the two ends, but was about 10, larger at points intermediate 
between the center and ends. To reduce these portions, a short lap, 
shown as B in figure 1, was constructed using blocks removed from 
the ends of the long lap. This short lap was at first used locally to 
reduce the larger areas and then followed by the use of the long ‘lap. 
The alternate use of the two laps was continued until the diameter 
was uniform throughout to within about 2 At this stage of the 
lay pping it was found that the sections of the thoead were a proximately 
3u deeper near the bubble openings than elsewhere. The bubble 
openings were produced in the course of the grinding since numerous 
small bubbles were near the outer surface. The deepening of the 
thread was due to a fresh supply of emery grains being fed under 
the lap from the open bubble. The pressure between the lap and the 
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glass quickly reduced the size of the grains so that the thread 
deepened for a few centimeters on each side of the open bubble, |. 
was found that this difficulty could be overcome by counterbalancin> 
the weight of the lap, thus reducing the pressure between the lap 9), 
the glass to such an extent that there was practically no reduction ;; 
the size of the emery grains. This procedure produced threads 9: 
uniform depth. The final grinding was completed by using ¢h, 
counterbalanced short lap uniformly over the full length of +: 
cylinder. The rate of grinding with the counterbalanced lap wa; 
very slow so that the total change in diameter after the use of thp 
long lap was discontinued was less than 10z. 


5. DRAWING THE WIRE AND WINDING IT ON THE FORM 


Oxygen-free copper wire was used in constructing the inducto; 
When purchased the wire had a diameter of about 1 mm. It was 
drawn through sapphire dies to the required diameter of 0.7 m 
There was a great difference in the drawing quality of wire from dif. 
ferent sources. Several manufacturers cooperated in producing wir 
for this work. Some of the wire which had been very carefii|] 
and speci: ally prepared did not have satisfactory drawing qualiti 
although this was not generally determined until the winding on t! 
form had been completed. A satisfactory winding was obtained wit! 
the third specimen of wire. 

The procedure for drawing the wire and making a winding was as 
follows: The wire was wound in a single layer onto a large wooder 
cylinder about the size of the glass form. The wooden cylinder was 
mounted in one lathe and a smooth brass cylinder, also of the same 
diameter as the form, in an adjoining lathe. The wire was draw 
through a die onto the brass cylinder, then rewound onto the wooder 
one. This was continued until only one drawing remained to reduc 
the wire to the desired diameter. The brass cylinder was then re- 
placed by the glass form and the wire on passing through the last die 
went directly into the screw thread. The wire was of such diameter 
that it rested on the sides of the thread without touching the bottom, 
as shown in insert I of figure 5. Hence it was held firmly in on 
The ends of the winding were soldered to brass rods (diameter 3 m1 
length 20 mm) that had been inserted in holes drilled about 5 em 
from each end of the form. The wire outside of each soldered point 
was removed, and samples were taken from it for measurements of the 
diameter of the wire. 


6. POLISHING SPOTS ON THE WIRE AND MAKING RULINGS ON 
THEM 


When the winding had been completed, a fine, flat oilstone wa 
rubbed along four equally spaced generators of the solenoid by 2 a 
device held in the tool post of the lathe. This polished small ellip- 
tically shaped spots on each turn of the wire, as shown in figure 6 of 
the previous publication. The length of each spot was in the direc- 
tion of the axis of the wire at that point and the width of the spot 
was in the direction of the axis of the solenoid. This is an exceed- 
ingly sensitive test of the uniformity of the diameter of the solenoid 
from turn to turn, since, if the maximum depth of the portion re- 
moved is only 1p, the length of the spot is 1mm. A change in depth 
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Photomicrograph showing the spots on two wires and the lines on the 
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spot of 0.14 produces a change in length of a spot of 0.2 mm, 
is readily detected by the unaided vision. Of the more than 
) possible spots on this solenoid only one was missing, which was 
_ at a point where the wire passed over a bubble in the form. 
ariation in length of the spots was a few tenths of a millimeter 

senting that the variations in diameter of the solenoid from turn 

‘9 turn were of the order of 0.1. 
[he spots on the wire were also useful in measuring the pitch after 
nes had been ruled on a large number of them. The rulings on two 
pots are shown in figure 4. F our lines were ruled on each spot, two 
engthwise of the spot and two crosswise. ‘The lengthwise lines were 
about 5u in width and were ruled by a device shown in figure 5, 
vhich was mounted on the lathe carriage. The guide for the ruling 
point pressed against one side of the wire when one line was being 
ruled, then turned through 180° and pressed against the other side 
of the wire, when the second line was ruled. The crosswise lines were 
iled by a device attached to the tool post of the lathe and were made 
by running the lathe carriage along its bed, so that the ruling point 
he carried from one end to the other of the solenoid, which was held 
na fixed position. These lines, which were parallel to the axis of 
the solenoid, were used for the same purpose as the longitudinal lines 

on a meter bar. 


r’ 
| 
i 
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III. MEASUREMENT OF THE DIMENSIONS OF THE 
INDUCTOR 


The inductor consisted of a helix and its leads. The dimensions 
required for computing the inductance of a helix are (1) the pitch of 
the winding, (2) the mean diameter of the helix, and (3) the diameter 

the wire. The leparture from uniformity of each dimension must 
he known in order to estimate the resulting error in the computed 
inductance. 
1. PITCH OF THE WINDING 


The pitch of the winding has been determined by two different 
methods, which are designated as the micrometer method and the 
cathetometer method. 


(a) MICROMETER METHOD 


The micrometer method is a modification of the one described on 
page 379 for determining the uniformity of pitch. There were four 
separate parts to the apparatus, the headstock, the tailstock, and two 
length standards, one of which was a ball, and the other a cylindrical 
end standard with spherical ends. The first three are shown dia- 
grammatically in figure 6. The headstock and tailstock were the 
same as those used in measuring the variation in pitch. <A photo- 
graph of these is given in figure 3. The ball was cemented into a 
thin sheet of vulcanized fiber, so that it could be easily handled and 
identified. The end standard was mounted on two frames which 
rested on the solenoid and which permitted it to move easily in the 
axial direction. 

In making a measurement, the headstock and tailstock were placed 
on the solenoid at such a distance apart that the end standard could 
be mounted between them, and were adjusted in their circumferential 
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sitions by means of sensitive levels, on which one graduated division 
pee ponded to 15’’ of arc. Several readings were made with the end 
sandard in position. The end standard was then removed and the 
‘ailstock (or headstock) moved a definite number of turns, which was 

otermined by the difference between the length of the end standard 

nd the diameter of the ball. The size of ‘the ball was chosen to 
n make the above difference very nearly equal to an integral multiple 
of the pitch so that the micrometer reading had nearly the s same value 

eer positions of the tailstock. The ball was held between the 

nvil and the plunger of the micrometer and the micrometer head was 
; nein to make contact with the ball. The force of the micrometer 
was sufficient to hold the ball in position. 

1) Length standards.—Two different end standards were employed, 
and with each end standard two balls of quartz and one of steel were 
ised. The end standards were fused-quartz rods having polished 
surfaces. In each set, one of the quartz balls had a polished surface 
and the other a fine-ground surface. The essential data on the end 
standards and balls are given in table 1. 


laBLE 1.—Constants of length standards used in measuring the pitch 





| Change in 
Tempera- | length pro- 
ture coeffi- duced by 
cient of ex- | changing the 
pansion; measuring 
X 1076 force from 
0 to 200 g 


| Length (or | 
| diameter) at 
Condition of measuring | 20° C anda 
surface | measuring 
force of 
200 g 


Material | 





mm ; “ 

Fused quartz | Polished - 280. 2655 
a Senn ae A ee 6. 2682 
Rees Pee Fine ground 6. 2683 

> | Steel__- : ...| Polished. , 6. 2679 | 
Fused quartz. cae 463. 1643 
snnenlO , | Fine ground. 9. 1682 
" Polished . - - 9. 1705 

Steel _- j een a: : 9. 1706 | 


The end standards are designated as NBS 1992 and NBS 6827. 
The balls have these same numbers with the prefixes Q,, Q:, and S. 
The lengths of the end standards were determined ? by comparison 
with calibrated Johansson gages at 20° C. The lengths at other tem- 
peratures were computed by assuming a value for the coefficient of 
expansion of clear fused quartz. Published values of this coefficient 
vary from 0.22 X 107 to 0.62 10~* with the most probable value being 
0.4 or 0.5X10-*. The value chosen for one standard was 0.5 107° 
and for the other 0.4 X 107°, because by using these values the measured 
pitch of the solenoid at the higher temperatures was the same when 
determined by the two end standards. As measurements by this 
method are only a check on the measurements by the cathetometer 
method, a precise determination of the expansion coefficient did not 
seem to be warranted. 

_ The compression produced in a standard by the force applied to the 

neasuring faces depends on the material of the standard and is an 
inverse function of the diameter of the sphere of which it is a part. 
This is an important consideration in determining the diameter of the 
balls since they were calibrated with a measuring force of 30 g and 


?See paper by Moon, BS J. Research 10, 249 (1933) RP528. 
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used with a force of 200 g. To determine the compression, com pari. 
sons were made, using forces of 150 to 600 g between the faces of the 
micrometer caliper, with a Johansson gage block, which was assum; 
to be incompressible. The curve obtained by plotting these da: 
was extrapolated to 30 g. 

(2) The headstock. —T' he micrometer formed an integral part of the 
headstock, as shown in figure 6. The micrometer screw was the 
head of a micrometer caliper. A 4-mm hole was drilled axis 
through the screw. In this hole was fitted a rod with bearings ; 
each end. The rod was prevented from rotating by a fork at tached d 
near the end that made contact with the end standard. The opposi 
end of the rod pressed against the lever arm of a contactor which was 
fastened to the micrometer screw. As the screw was turned forward 
after the rod made contact with the end standard, the force exerted 
by the rod increased. When this force reached 200 g the spring vine 
held the lever of the contactor would yield a sufficient amount ¢; 
permit the contacts to open a circuit which contained a battery » 
alamp. An advance of the screw of 0.14 would open the lamp cir. 
cuit. A pointer, 88 mm long, was attached to the micrometer screw 
The outer end of.the pointer moved along a scale that was an are of 
a circle having its center on the axis of the screw. The scale was 5( 
mm long and was read to tenths of a millimeter. Each millimeter o 
the scale corresponded to an advance of 1.15u of the screw. Th; 
pointer also served as a handle for turning the screw. 

(3) The tailstock.—The tailstock consisted of a frame, an anvil, and 
alevel. The anvil was a rod of quartz, which was rigidly attached | 
the frame, and which had a flat end, about 5 mm in diameter. 
be assured that the end of the anvil was parallel to the end of th 
plunger of the micrometer, the tailstock and headstock were mounte 
on the solenoid with the two ends opposite each other. A lap wit! 
plane parallel faces was inserted between the ends, and the microm- 
eter turned until there was a slight pressure on the lap. With ver 
fine abrasive on the lap it was worked by hand until the two ends wer 
flat and parallel. This did not, however, necessarily make the tw 
ends exactly perpendicular to the axis of the screw, @ requirement 
that was of no importance because neither the anvil nor the plunger 
was allowed to turn and because the end standards had s seats | 
ends. 

(4) Computation of the pitch.—The pitch was computed from the 
difference between the length of the end standard and the diameter 
of the ball; the difference between the two micrometer readings; and 
the number of turns of wire between the two positions of the tail- 
stock. Because the two readings of the micrometer never differed 
by more than three divisions (1 division=1.15u), a precise calibra- 
tion of the micrometer screw was not necessary. The data required 
for determining the pitch and the method of computing it are illus- 
trated in table 2 

There was a greater variation in the readings on any one ball than 
in the readings on the end standard. This condition prevailed in 
almost every set of data, possibly because the balls were ee 
more than the end standard by the measuring force and the sma 
variation in the force produced a greater effect on the balls. 
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T,BLE 2.—Typical set of readings when using the micrometer to determine the pitch 
of the long glass inductor after winding 
Date: October 10, 1936. 
Temperature: (Room with thermostat control) 25.5° +0.2C°. 
Calibration: 1 micrometer division equals 1.15. 


OBSERVATIONAL DaTA 





osition—> Turn 619 





Headstock position—> Turn 75 Turn 529 





Length standard End standard Ball | Ball 
NBS 6827 Q Q | s 








eset 
3 9 | 
5 | 

















COMPUTATION OF PITCH 








| Difference in | 

length be- Length 
tweenend | difference 
standard plusA 
and ball 


Computed 
pitch 


Certified 
length 





mm 
463. 1654 
9. 1682 
9. 1705 453. 9949 453. 9965 | 1—7.7X10% 
9.1711 453. 9943 453. 9957 1—9. 5X 10-6 








1—9. 0X10-% 





Mean pitch 





* Ais reading on ball, minus reading on end standard. 


Three different values of the pitch were computed corresponding to 
readings on the three different balls, but all using the same readings 
on the end standard. The maximum difference between any two 
values of the pitch is 2 parts in a million, and the average variation 
from the mean is less than 1 part in a million. 


(b) CATHETOMETER METHOD 


The cathetometer method for determining the pitch of the winding 
compared the distance between turns with the length of a standard 
scale. There were two micrometer microscopes attached to the cathe- 
tometer pillar that could be rotated about a vertical axis. The two 
microscopes could be simultaneously pointed either at the standard 
scale or at the winding of the solenoid. When readings had been 
made on both solenoid and scale, the distance between the two turns 
on which readings were made could be obtained and the pitch com- 
puted from this distance and the number of included turns. 

The modifications from the published * method consisted in using 
objectives of shorter focal length in the microscopes, in providing two 


+ Moon, J. Research NBS 14, 363 (1935) RP774. 
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different methods of illumination, in making readings on lines ry led 
on the wire, and in redesigning the mounting for the standard gea]o 

(1) Micrometer microscopes.—The micrometer microscopes had 
dekesions with focal lengths of 32 mm, which increased the magpj. 
fication in a ratio of nearly 3 :1 over that of the older objectives. The 
accuracy attainable with ‘the 32-mm objectives was tested by a series 
of observations on a glass scale ruled with 0.1-mm divisions. Four 
series of readings were made on seven different lines. For each series 
the microscope was refocused; for two series it was not focused 
sharply as possible, but was slightly out of focus to determine the 
effect on the calibration of the mic rometer microscope. The results 
are given in table 3. 


TABLE 3.—The effect of a change in focus on the calibration of a micrometer micro- 
scope with a 32-mm objective 


[Readings were made on divisions 0 to 6 of a B&L stage micrometer] 





Divisions for 
0.1mm. Each 
Order of observations Condition of focus | result is the 
| average of 6 
readings 


“a — = 128. 
iC ear than best. sia 129. 
Farther than best- 128 
Best - oes a ‘ 129 





An analysis of these values shows that the accuracy of setting is not 
appreciably influenced by changes of focus which are sufficiently large 
to be noticed by the observer. 

The lower microscope was calibrated by comparisons with the 
0.1-mm divisions on the standard meter bar and also with the gradua- 
tions on the stage micrometer, referred to in table 3. The upper 
microscope was calibrated by comparison with the stage micrometer 
only. The results are given in table 4. 


TABLE 4.—Calibration of the micrometer microscopes of the cathetometer 


[Pitch of screw in micrometer of lower microscope was 0.5 mm; and of upper microscope, 1 mn 


| 
| Average 
| Number | | number of 
| of values | Observer | “divisions 
| for 0.1 mm 


Microscope Reference scale 








128.9 
129.0 | 
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These results show that within experimental error the same cali- 
bration is obtained using either the standard meter bar or the stage 
micrometer as the reference scale. The deviations in a set of obser- 
cations are less when the meter bar is used as a reference scale, 
probably because the lines on the meter bar are more favorable for 
making a setting, although errors in the rulings of the stage microm- 
eter would produce the same result. 

(2) Methods of illuminating the scale-——Two different methods of 
iJluminating the scale were employed. In one the lines of the scale 
appeared in the microscope as dark lines on a bright background. 
The iluminating attachment which produced this effect was called 
the bright-field illuminator. In the second, the lines appeared lighter 
than the background. The attachment in this case was called the 
dark-field illuminator. 

a. Bright-field illuminator.—In the bright-field illuminator, shown 
near the eyepiece in figure 7, the light from an illuminated screen was 


7—THIN GLASS 




















Figure 7.—Illuminators for a micrometer-microscope of the cathetometer. 


bright-field illuminator of conventional] design is shown at A. The lamps for the dark-field illumin- 
tor are Shown at B and C, each at the focus of a parabolic mirror. The plane mirrors, M and N, meet 
an angle of 90°. A hole with its center at the junction of the mirrors admits the tube of the microscope. 
e lens, L, which focuses the light on the scale, also has a hole to admit the microscope. 


reflected from a thin sheet of glass placed in the tube of the micro- 
scope and at an angle of 45° with its axis. The light passed through 
the objective of the microscope and impinged on the scale at nearly 
normal incidence. Hence the polished surface of the scale returned 
into the objective a large part of the incident light, whereas the lines 
did not reflect so large a portion. As a result, the lines of the scale 
appeared dark on a bright background. 

b. Dark-field illuminator.—In the dark-field illuminator, shown near 
the objective in figure 7, the light from the lamps on opposite sides 
of the microscope was reflected from the plane mirrors M and N and 
was focused on the scale by means of an annular lens, LZ, which was 
outside of the objective. The light impinged on the scale at a large 
angle of incidence so that, from the polished surface of the scale, very 
little light was reflected into the objective. From the lines, however, 
an appreciable amount of light was diffusely reflected into the ob- 
jective. Asa result, the lines appeared bright on a dark background 
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in those portions where the scale was well polished, but where 
scale was not well polished the lines could scarcely be distinguish; 
c. Comparison of the two illuminators.—Tests were made to det; . 
mine whether the two methods of illumination gave the same res 
The values obtained in the most extensive of these tests are civen 
table 5. ‘The mean values differ by less than the experimental erro 
However, the variation is less with the bright-field illuminator, jnq 
cating that it is the more accurate of the two methods. The brig). 
field illuminator was preferred by all of the observers and was used j; 
the majority of the measurements. . 


TABLE 5.—Distance between wires 51 and 1049 at axial position 1, using dif 
illuminators 
Difference in lengt} 
from 998 mn 





Observers 





Date (1937) Hour 
Upper Lower 

b feito ark-field ri 
micro- micro- eee | Bri . : 
scope scope Mmavor) Wuminator 





Peet. 25......< 2:45 p. m. CM CMS 
Te Sale CM CMS 
SE reer ere eee 3:15 CMS CM 
Mar. 25 : 3:30 CMS CM 


0 a ee el le CMS HLC 
ae 10:40 HLC CMS 
8, Se eee ena 10:50 

| ee ee eee. a 





Mean 











Average deviation from Rie ns. ee | Sacebdanasuaanaiaial 





] 


(3) Readings on the lines ruled on the wires.—The readings on th 
lines ruled on the wires were made in the same manner as those on 
the graduations of the standard scale. The lines were narrower 
than the graduations of the scale. This is shown by comparing the 
lines on the photomicrograph of the spot in B of figure 8 with thi 
graduation M on the photomicrograph of the standard scale in A of 
figure 8. These photographs were made using the bright-fiel 
illuminator by replacing the eye of the observer with a camera. 

The single horizontal cross hair of the ocular micrometer is show 
at X, in figure 8, and the vertical cross hair at Y. They are much 
narrower than the lines on the scale. Before making a set of observa- 
tions the vertical cross hair was set midway between the longitudinal 
lines on the scale or between the two crosswise lines on a spot. Then 
the horizontal cross hair was adjusted until it coincided with the 
center of a horizontal line, at a point midway between the vertical 
lines. The width of the lines on the scale was about 7 7u, and of those 
on the spots about 6u. In either case, the cross hair could be set 
with an accuracy of a few tenths of a micron. 

The distance between the two lines on a spot was determined for 
several different spots from the data that were taken in connection 
with the determination of the pitch. These distances are plotted in 
figure 9. The lines at axial position 2 were ruled first. These lines 
were so far apart that they came very near the edges of the spots. The 
adjustment of the ruling device was changed before making the rulings 
on axial positions 1, 2, ‘and 4. The distance between the lines on the 
spots in axial position 2 averaged 33.34 with a maximum deviation o! 
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The distance between those on axial positions 1, 3, and 4 aver- 
8.5u, and in no case did it differ from this value by as much 
[he deviations from the mean might have resulted either from 
rs in measurement, from inaccuracy in ruling the lines, or from 
variations in the size of the wire. No studies have been made to 
valuate the relative importance of these three causes, since the devia- 
ions were so small that an error of 1 part in a million could not have 
been introduced into the value of the pitch by any uncertainty in the 
itions of the lines. 
1) Mounting for the standard scale—The standard scale was 
mounted so that it could be elevated through small distances by 
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Figure 9.—Distance between the lines on the spots. 


ans ofa screw. It could also be moved laterally to make its position 
rtical and to bring each end into focus with its microscope. 


2. OUTSIDE DIAMETER OF THE HELIX 


The micrometer used in measuring the outside diameter of the 
helix was identical in principle with the one used in the previous work.* 
A new ring was procured by which it was possible not only to measure 
the diameter of the helix, but also to determine its circularity by a 
three-point measurement. ‘Two different types of quartz end stand- 
ards were used, one a rod with spherical ends and the other a built-up 


standard with spherical caps. 
(a) THE MICROMETER 


The ring for the micrometer was of nickel-steel having a coefficient 
of — of about 1.5X10-°/°C. Its dimensions were: Outside 
diamet 48.3 cm; radial width, 4.4 em; axial thickness, 1.8 cm. 
The a and micrometer screw were of steel having a coefficient of 


4 Por 


1 diagram of the micrometer, see figure 8, p. 11, of J. Research NBS 16, 1 (1936) RP857. 


94848—38——9 
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expansion of 11107°/°C. Both the anvil and the micrometer screy 
extended about 2.5 cm towards the center from the inner circyp. 
ference of the ring. The temperature coefficient of expansion of the 
micrometer as a whole, which can be computed from the preceding 
values, is —0.8107°/°C. Readings on the quartz end standard 9; 
20° and 26°C indicate a coefficient of —1.110~°. 

The ring had two pairs of V-grooves on two perpendicular diameters 
and also a group of three V-grooves which were spaced 120° apart, 
The two pairs of V-grooves were used in the measurement of the 
diameter of the helix. In one pair was mounted the micrometer and 
the anvil; in the other pair, some stops that were adjusted to keep the 
ring centered on the helix. The group of three V-grooves was used in 
connection with measurements to determine the circularity of the 
helix. In two of the grooves anvils were mounted; in the third groove. 


a micrometer screw. 
(b) LENGTH STANDARDS 


One end standard, a quartz rod with spherical ends, was similar to 
those previously described. ‘The other end standard (called the 
built-up end standard) consisted of a group of flat-ended standards 
and two caps with spherical ends. All the parts were made of fused 
quartz and had optically plane surfaces so that they could be “wrung” 
together to form a single end standard. There were four flat-ended 
standards, three of which had a length of 100 mm and one of which 
had a length of 25 mm. These standards were of square cross section, 
the side of the square being about 20 mm. Each cap was a cylinder 
with one flat end and one spherical end. The diameter of the cylinder 
was about 19 mm, and the radius of curvature of the spherical end 
was about 174.2 mm. When this group was “wrung” together it 
formed a very rigid standard. A difficulty arose in that it was im- 
possible to insure that the centers of the spheres of which the caps 
were portions lay on the axis of the standard, since when quartz 
standards are wrung together they “seize,” so that they cannot be 
further adjusted. The centers of the spherical caps need not coincide 
if the faces of the micrometer are always perpendicular to the axis 
of the standard, but this requirement could not be accurately fulfilled. 

A geometrical analysis was made of an imperfect spherically ended 
standard to show the change in length caused by changing the position 
of the standard between the measuring planes. The imperfection 
considered was that the centers of the two spherical caps did not 
coincide. It was assumed that each cap had the same radius, but 
that the sum of the two radii was not exactly equal to the axial length 
of the standard. It was also assumed that the centers were displaced 
in a direction perpendicular to the axis of the standard. This analysis 
showed that the distance D between the measuring planes when there 
is an angle, 6, between the axis of the standard and the perpendicular 
to the measuring planes can be represented by the equation 


D=D,+(¥—X/D,) tan 6, ( 


where D, is the axial length of the standard, Y is the component, in 4 
direction perpendicular to the axis, of the distance between the centers 
of the two caps, and X is the component, in the direction of the axis, 
of the same distance, which is positive when the sum of the two radil 
is less than the axial length. 
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This equation shows that a displacement of the centers of the 
spherical caps perpendicular to the axis of the standard produces a 
much larger effect than an error of corresponding amount in the radii 
of the caps. 

If two measurements are taken with two values of @ which differ 
hy 180°, then since tan 6=— tan (180°+8), 


(2) 


Henee, the effect of this imperfection in the standard should be elimi- 
nated by averaging two readings taken with two values of 6, which 
are 180° apart. In order to show how nearly the angle @ must equal 
vero for the two standards used in measuring the diameter of the long 
class inductor, two sets of measurements were made with each stand- 
ard, one in which @ was as near zero as could be estimated by visual 
observations, the other with @ about 2°. During the measurements, 
‘he micrometer was mounted in a comparator, and the standard 
rotated around its own axis, The results are shown in table 6. The 
sets at different angles on any one standard should not be compared, 
as the measurements were not made under carefully controlled tem- 
perature conditions. 


TaBLE 6.—Micrometer readings on end standards as influenced by the azimuthal 
position of the standard and by the angle between the axis of the standard and a 
perpendicular to the measuring faces of the micrometer 

A, BUILT-UP END STANDARD CONSISTING OF PARTS ‘‘WRUNG’’ TOGETHER 








| | 

Micrometer reading 
| 

| 

| 


Azimuthal position of standard | 
Angleof | Angle of 
axis=0° | axis=2° | 


Degrees 





Grand average_.--.-_-_--- 
ange 


B. END STANDARD CONSISTING OF A Rop oF FusEeD Quartz (NBS 5615) 








| 
Micrometer reading 





Azimuthal position of standard | 


Angle of Angle of | 
axis=0° | axis=2° 





Degrees ub 
142.5 
142. 4 





142. 45 





142.5 
142, 2 





Average . 142. 35 





Grand average . 142. 4 
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With the built-up standard the average of two measurements «; 
180° apart did not differ by more than 0.24 from the mean of fo, 
measurements taken at 90° intervals, even when the axis was in- 
clined by as much as 2°. With the standard in the form of a gojj, 
rod, the maximum variation of any one measurement did not differ 
from the mean of four measurements by more than 0.2u with the 
axis inclined, while if the axis were well alined no variation in read. 
ings was observed. Hence the end standard from a solid rod of 
quartz was superior to the built-up standard. 

Using the maximum difference found for an azimuthal rotation of 
180°, and assuming that this difference was the result of a displace. 
ment of the centers of the caps in a direction perpendicular to the 
axis of the standard, the distance between the centers could be com- 
puted for each of the standards by eq 1. For the built-up standard 
the distance between the centers of the two spherical caps was at 
least 0.25 mm, while for the quartz rod it was only 0.005 mm. 


3. DIAMETER OF THE WIRE 


The diameter of the wire was obtained by two methods: (a) by 
measurements with a micrometer caliper, and (b) by computation 
from the density, mass, and length of a sample. Both of these 
methods were described in the previous paper. The only modifica- 
tion applied in this later work was the use of a special series of gage 
blocks for calibrating the micrometer. The new gage blocks were 
very flat, were not compressed a measurable amount, and were cali- 
brated in terms of wave lengths of light. 


IV. OBSERVATIONAL DATA AND RESULTS ON THE 
MECHANICAL DIMENSIONS OF THE HELIX 


A very large number of observations have been made on each of 


the mechanical dimensions of the helix. Of these, a sufficient number 
will be given to enable the reader to determine for himself the accuracy 
attained. In addition, a summary of all the results will be given. 


1. PITCH OF THE HELIX 


Before the wire was wound on the form, measurements were made 
by the micrometer method to determine the uniformity of the pitc! 
of the thread and the expansivity of the glass. After the wire was 
wound on the form, measurements were made by both the micrometer 
method and the cathetometer method to obtain a value of the pitch 
which could be used in computing the inductance of the helix. 


(a) UNIFORMITY OF THE PITCH OF THE HELICAL THREAD 


Before winding, the uniformity of the pitch of the thread was 
obtained by measurements of the axial distance between 112 threads 
at 10 different positions along each of four different generators of the 
form. The results of 40 readings may be summarized as follows: 

Number of readings same as average 

Number of readings 0.1 different from average 

Number of readings 0.2 different from average 
Since the readings were made only to 0.1 u, there was no measurable 
variation in the pitch of the thread. This uniformity was confirmed 
by similar measurements on 480 threads. 
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Sparks 
operr 


(b) EXPANSIVITY FROM MEASUREMENTS OF PITCH BEFORE WINDING 


Before winding, measurements of the pitch were made by the 
micrometer method at several different temperatures and with two 
diferent end standards. The data are summarized in table 7, and 
the results are plotted in figure 10. From these data the expansivity 
of the material of the form was determined to be 2.5107°/°C. This 
is in exact agreement with the value obtained by the Optical Division 
of this Bureau for a sample of Pyrex glass which was cast from the 
came melt as the form. 
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FicurE 10.—Pitch of the thread on the long glass form as a function of temperature. 


nts were made before winding. The expansivity taken from the slope of the line is 2.5X10-8/°C. 
(c) PITCH AFTER WINDING 


The pitch after winding was determined by the micrometer method 
and by the cathetometer method. 

(1) Micrometer method.—The pitch was determined by the microm- 
eter method using two different end standards and three different 
balls with each end standard. All measurements were made in a 
room in which the temperature was controlled day and night at 

° C, and never varied from this temperature by more than 

The solenoid was mounted in the same manner as during 

the lapping process. The results are summarized in table 8. With 

each end standard, measurements were made at 11 positions uni- 
formly distributed over the helix. 
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TABLE 7.- 


| 
Designa- 
tion of 
ball 


Designation of end standard 


Q: (6827) | 


fQi 
\ Qs (6827) 


NBS 6827 


(6827) 


NBS 


6827 


If Qz (1992) |) 
L Q2 (1992) | 


if Q: (6827) |) 
“TL Qs (6827) | 
| | 
Q; (6827) 
a (6827) | 
(6827) 
ir Q: (1992) 
‘i902, 
{ 3 (1992 


S 6827 


3 1992 


2 TI 


1€ Vé 


TABLE 8.—Pitch of helix wound on long glass 


| 

Num- 

| ber of 
turns 


| Num- | 
| ber of | 
| obser- | 
vations | 


pera- 
ture 


in set 
| 


| 
274 i 


method 


{Measuring force on the micrometer: 200 g. 


ilues of the pitch are plotted as a function of temperature in figure 10. 


cylinder (NBS 1847 


Temperature of room: 





| Desig- 
| Designation of end standard ination of 
| | ball 


1992 | 
1992 | 
1992 | 


| Qi 

Oct. 12-13..]| NBS 1992.__- Q: 

| 81 

Q: 6827 | 

Q: cozy | 
S 6827 


it 


of turns 
meas- 
ured 


{ 


| Number | 


Number of 
positions at 


which meas- 


urements 
were made 








.| 0.999 


Pitch (before w aceite of the thread on the I ong anid eytinder ( (NBS 18 


Tem- 


| Pitch e 
| 
| 


mm 
0.999 9889 


952 


948 


43 
50 


micromete 


9K KO 
25.5 


Mean pitch an nd 
of set 


| mm 
0. 999 9908 
903 | 


909 | 


902 | 
QO4 


897 





9904 


Average deviation from fina] mean of the means of the sets__._...._....._- eco , 





(2) Cathetometer method.— 
tometer method, 


-In determining the pitch by the cathe- 
measurements were made with the inductor stand- 


ing on end in a cabinet in which the temperature was maintained at 


26° C. 


Each measurement was made between a pair of turns, on 


of which was located near one end of the portion of the winding that 


was to be used in the electrical measurements, and the other 
Measurements were made at four different 


near the opposite end. 


turn 


axial positions, and at each axial position five different pairs of turn 


were observed. 


In addition, measurements were made between the 


center turn and turns at each end. The results are summarized in 


table 9. 
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T.pLE 9.—Pitch of helix wound on long glass cylinder (NBS 1847)—cathetometer 
a method 


NBS 3143, length 1.5 m, made by the Société Genevoise and calibrated by the Length 
Section of this Bureau. Temperature 26.0° C.]} 


ie 


A. MEASUREMENTS BETWEEN TURNS NEAR THE ENDS 


| | | 
Turns between | | 


| which measure- Average 
} 


| Number |deviation of 
| of obser- | Mean | an individ- 
- | vations pitch | ual reading 
. ;} inse | f 
Bottom | Top | in set | from mean 
No | No | of set 
No. | No. | | 
| 


ment was made 
Date 


(1937) 


| 


mm | mm 
1050 5 | 0.999 9930 | +0.4x10- 
1049 y ee a ve 
1048 ‘ a me Oo 

1047 : 36 0.: 

1046 é 39 


1050 d 35 
1049 30 
1048 48 
1047 y 43 
1046 31 


1050 31 
1049 21 
1048 36 
1047 30 
1046 29 














| 
1050 | 21 
1049 | 36 
1048 | 31 
1047 | 32 
1046 | 33 | 


Pitt) SRO oc ccemavcknncwamucnwaramcns ‘ SE ee ae ee se 
\yerage deviation of means of sets from final mean_.--_---- 3 * +0.410-6 


Weighted « mean ; 
hted ¢ deviation of mean of set from weighted mean. - -_- 


B. MEASUREMENTS BETWEEN MIDDLE TURN AND END TURNS 





3 | 0.999 9944 
3 | 47 
2 | 28 
1 | 40 


| 0. 999 9940 


| 0. 999 9918 
550 | 1050 | 06 


26 


Mean of upper half.......--- ‘ suet a .-----..--.| 0.999 9918 
Mean of both halves_....---- psa ssc 5 chases ta dearest 
Weighted ¢ mean of all observations. - moe aS = 0. 999 9932 
Corrected for compression of meter bar. F 0.999 9929 


* All weighting was on the basis of the number of observations. 


_ The maximum deviation of any result from the mean was 1.5 parts 
na million, and the average deviation about 0.5 part in a million. 
n the measurements which were made from the bottom turn to the 
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center turn and from the center turn to the top turn, the resy)};, 
indicate that the pitch of the lower half of the winding is 2.2 pg». 
per million larger than that on the upper half. This difference js y,: 
confirmed by micrometer measurements of variations in pitch, bef ne 
or after winding. This cannot be accounted for by the compre ssio 
of the meter bar by its own weight when it is standing on end sinep 
the cylinder is compressed in the same way as the meter bar. It ea) 
be explained by assuming that the center wire is either displaced 

is not quite circular in cross section, or that there is an error in the 
calibration of the meter bar. This difference is so sm: all that th 1e Cor- 
se to the computed inductance for the variation in pitch is Jess 
than 1 part in a million, even if the assumption is made that the dif- 
ference indicated in the table is real. Hence the weighted mean of | 
observations was taken as the value of the pitch by the compara 
method. 

(3) Most probable value of the pitch of the heliz.—The most proba} 
value of the pitch of the helix has been obtained by averaging t 
results of the two methods. In computing the average there were ty, 
reasons for giving the result by the micrometer method a smalle 
weight than that by the cathetometer method. In the first place 
there was more variation in temperature during the measurements 
with the micrometer than during those with the cathetometer. In 
the second place, the mounting during measurements with the microm- 
eter might have affected the pitch. This mounting in which an inflated 
rubber tube held the cylinder in position produced a radial pressure of 
about 0.4 kg/cm? inside the cylinder. A comparison with the pone 
ening produced by the winding indicated that the shortening caused 
by the internal pressure might be as much as 0.6 part in a million, 
although this was not sufficiently definite to warrant making a cor 
rection to the observed value. Considering these facts, a we ‘ight ¢ 
unity was assigned to the result by the micrometer method and : 
weight of two to that by the cathetometer method. Applying t! 
weighting to the values of the pitch already given, the most probal 
value of the pitch of the helix at 26.0° C is 


0.999 9924 mm, 


with an uncertainty of less than 1 part in a million. 

(4) Increase in the pitch produced by the winding.—The increase in 
the pitch produced by the winding of the copper wire can be det: 
mined from the data in tables 6 and 7, since the same type of mounting 
was used in obtaining all these results. From the curve of figure 1| 
which was plotted from the data of table 6, the pitch before winding 
at 25.5° C was 

0.999 9845 mm, 


and from table 7 the pitch after winding, at the same temperati 


was 
0.999 9904 mm 


Hence the increase in pitch was 5.9 parts in a million. This value 
was not used in computing the inductance, and is given only as a 
matter of general interest. 
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2. OUTSIDE DIAMETER OF THE HELIX 


The outside diameter of the helix was measured along four different 
axial planes on two different occasions, different end standards being 
ysed on the two occasions. For the first set of measurements the 

iIt-up end standard was used. Observations were made at l-cm 
tervals along three of the axial planes, while along the fourth they 
ore made at 2-cm intervals on one-half of the length and at 4-cm 
‘ntervals on the other half. For the second set of measurements the 
end standard used was made from a rod of fused quartz. Observa- 
ions were made at 1-cm intervals on all four axial planes; sets of 
check measurements also were made. ‘The results, for the portion of 
he winding that was used in making the electrical measurements, 
are summarized in table 10. The mean of the two sets of measure- 

nts gave the outside diameter as 


34.840 39; cm. 


The difference between the two sets was 0.54. Hence the inductance 
as computed by using the mean diameter was 1.3 parts in a million 
smaller than that computed from the first set or the same amount 
larger than that from the second set. The second set employed a 
superior end standard to that of the first set, and hence should be 
civen greater weight in the final average. However, the weighting 
would have to be excessive to change the result by 1 part in a million. 
For this reason the mean value has been used in computing the 


inductance. 
TABLE 10.—Diameter of the long glass inductor (NBS 1847 


A. BUILT-uP END STANDARD 


[Length at 26° C =34.841 71 cm] 
| Average devi- 
Number of | ; ation ofa 
Axial position (degrees) | observa- | Fe ad single obser- 
tions ig | vation from 
| mean of set 


c 
100 34. 840 42 
100 42 
101 43 
38 | 40 





34 840 42 |_--- 








B. END STANDARD CONSISTING OF A SINGLE ROD oF FusED QUARTZ 


[Length at 26° C =34.838 88 cm] 





| Average devi- 
Number of | : ation of a 
Axial position (degrees) observa- | Fit od single obser- 
tions a vation from 
mean of set 





B 
+0.4 
101 ; 
100 7 .4 
101 37 | 4 

















Mean of all measurements_.___.........-. 34.840 395 cm 
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The variation in diameter of the helix is shown by the set of curves 
given in figure 11. The lower four curves show the variation in }, 
diameter at intervals of 1 cm on each of four axial planes, the " 
being those from the second set of measurements. The upper ty» 
curves represent the mean diameter at each centimeter along the ayi: 
The scale is very open; one division representing a micron, so ths: 
tenths of microns can be estimated. 

The curves show that the maximum variation from the mean js Jes 
than 2u, and the data in table 10 give the average variation from th, 
mean for the measurements in any axial plane as 0.4 in all but op 
case, which did not include a complete set of data. This 0.4y is | 
result of imperfections in construction as well as errors in measure. 
ment. To determine the errors in measurement, two sets of che 
measurements were made, each set consisting of 50 independent meas. 
urements. ‘The results of these measurements are shown in table 1] 
In order to indicate the differences in the two sets, results have bee 
carried to hundredths of microns, though the absolute value is yo} 
known with that accuracy. The difference in one set is 0.07, whil; 
in the other it is only 0.01y. This shows that the accuracy of meas- 
urement is greater than 0.1y, or 3 parts in 10 million. 


TABLE 11.—Determinations of the accuracy of a set of measurements of the diai 
of the long glass inductor (NBS 1847) 


{Each set consisted of 50 measurements on the upper half of the cylinder] 


Average diameter at axial ; 


| 
| 
* 


90° 


cm 
Initial_ 34.840 390 
Check 391 


Difference 0. Oly 


Where a bubble in the glass occurred at the surface of the form tl 
wires would tend to be straight where they crossed the bubble open- 
ing. When such a bubble was at one end of a diameter the measured 
value of the diameter of the solenoid would be less than the diameter 
at the other azimuths of the same cross section. These bubbles 
could not be seen after the winding was completed, so could not be 
avoided in making these measurements. Of the several hundred 
measurements of diameter, there is only one value that is sufficiently 
different from those obtained at nearby points to indicate that there 
was probably a bubble under one of the measuring faces of the 
micrometer. 


3. CIRCULARITY OF CROSS SECTIONS OF THE SOLENOID 


The circularity of cross sections of the solenoid at different elevations 
was studied (1) by measuring the diameter in different axial planes 
and (2) by determining the difference in altitudes of circumscribed 
equilateral triangles. 

The average outside diameter of the solenoid, as given in table | 
is the same, ‘within experimental error, for all axial planes. All the 
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curves of figure 11 have the same shape, showing that there cay }, 
very little variation in the diameter when measured at any eleyat; 
This is confirmed by an analysis of the data. The maximum differey, 
from the mean diameter in any set of four readings at one eleyatj, 
was 0.5u, and the maximum value of the average deviation at an 
elevation was 0.354. The mean of the average deviations at 1 
different elevations was 0.12u. As these results are within exper. 
mental error, the cross section of the solenoid at any plane is a firy 
having equal diameters, but it is not necessarily a circle. 

The difference in the altitudes of the circumscribed equilateyy| 
triangles of the solenoid was determined by the ring micrometer whey 
fitted with two anvils each spaced 120° from the micrometer screy 
At any position the reading of the micrometer screw was proportiong| 
to the altitude of this equilateral triangle. With this micrometer 
observations for determining the change in altitude were made a: 
eight different points around the circumference of the solenoid at exc) 
of three different elevations. 

The maximum variation of the altitude in any plane from the meay 
in that plane was 0.2y, and for each of the three planes the average 
variation was +0.lu. These results are within experimental! erro; 
indicating that at any elevation the altitudes of all the circumscribe; 
equilateral triangles of the solenoid are the same. 

The measurements just described do not prove that the cross secti 
of the solenoid is a circle, because there may be other plane figures! 
which have equal diameters and which will fit at all positions withi 
a given equilateral triangle. A more conclusive but less precise test 
for the circularity of the solenoid was obtained from measurements 
on the form when it was mounted in the lathe preparatory to winding 
the wire. As the form was rotated the variation in the reading of a 
dial gage, which pressed against the top of a thread, was less than 5y 
the smallest reading that could be made with the available gage. 

In order to determine the maximum amount by which the indue- 
tance of this helix could possibly differ from one having a stric 
circular section, there were computed the periphery and area of 
Reuleaux triangle * of the same diameter as the helix and with a varie- 
tion in radius equal to the upper limit of the observed values. Since 
the periphery is identical with that of a circle and the area only about | 
part in a billion smaller, the conclusion is drawn that even if the cr 
section were a Reuleaux triangle the inductance of the helix con- 
puted on the assumption that the cross section is circular cannot be 1 
error by 1 part in a million. 


4. DIAMETER OF THE WIRE 

The diameter of the wire was determined by two methods: (a) by 
direct measurement with a micrometer and (b) by computation from 
the length, mass, and density of asample. The samples for measuring 
the diameter were taken from the wire which was removed from the 
beginning and the end of the winding. 

§ Legros, The gauging of cylinders for diameter, Engineer, 151, 436 (1931). In this article isshown a five-side 
figure which has equal diameters and which is said to turn inside a regular hexagon. Presumably it would 
also turn inside an equilateral triangle, but the method of construction is not sufficiently well de 


permit of a definite conclusion in this respect. é 
6 This is a three-lobed figure which has equa! diameters when measured between planes. See reference 


footnote 5. 
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(a) DIAMETER OF THE WIRE BY THE MICROMETER METHOD 


In determining the diameter of the wire by the micrometer method, 
‘yree samples from each end were measured. ‘These samples were 
shout 40 cm long. The 3 samples from each end were separated from 
sac other by 1 or more turns, but all were within 10 turns of the por- 
in that was left on the cylinder, and 1 was within 1 turn. 

The diameter of each specimen was measured at not less than four 
yor more than six positions along the wire, the distance between 
positions being about lem. At each position the measurements were 
made in at least 8 equally spaced axial planes and at 2 positions on each 
epecimen in 16 axial planes. The curvature introduced in winding 
‘he wire was such that the inside arc of each sample could be used as a 
reference line, from which the azimuths were numbered. ‘The means 

teach azimuth for the three samples from each end are given in 
table 12, together with the average deviation, at each azimuth, of the 

Jue for a sample, from the mean of the three samples. ‘The results 
siven in table 12 are plotted in figure 12. 


TABLE 12.—Diameter of wire on glass inductor (NBS 1847 


Date: May 4 and 14, 1937. 
Temperature of room: about 25° C. 
Measuring force: 600 g.! 
Tension on wire during measurements: 6.5 kg. 
Tension on wire during drawing: 8 kg. 





: 
Average A verage | A verage Average Increase in 
diameter deviation diameter deviation diameter 

at beginning | from mean at end of from mean | of wire at 


Azimuth end over that 
at begin- 


ning 


of winding, | of the mean winding, of the mean 
using 3 sam- | for each sam- |} using 3 sam- | for each sam- 
ples ple ples ple 








Degrees m a Bb 
: +0. 01 720. +0. 04 
.06 | oe .09 
. 09 2 ata 
oan . 03 
. 04 . 06 


. 03 
. 04 
.10 
Be i 
14 

















| . 21. 2! . 04 
: ae 24 

. 24 
| 08 
| . 16 


719.7 





| ‘ .05 
720.07 | 02 | 45 | - 04 


Mean. --| 719.98 | +0.10 || 720.29 | i 0.3 





Final mean diameter of wire 720.1 u 
a“ 





'‘ Measurements made with 200 g show that the same value was obtained as with 600 g 

lhe micrometer was calibrated by means of a gage block which had 
a thickness of 0.7001 mm and which was “wrung” onto the face of 
the micrometer screw. ‘The micrometer was similar to the one used 
in Measuring the diameter of the solenoid. The scale was graduated 
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so that microns could be read directly and tenths of microns could he 
estimated. Readings at the same point seldom differed by more t} te 
0.2 u. The average values in table 12 have been carried to 0.0 
order to indicate differences. 

The curves of figure 12 show that, although the wire had a lero 
diameter at the end than at the beginning, the shape of the ero 
section apparently changed very little. The uniformity in Shape at 
the two ends can be explained by assuming that the opening in the 
die wore away evenly by 0.3 » in drawing the kilometer of wire ro. 
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Figure 12.—Diameters of the wire in different azimuths. 


Curve I is for wire from the beginning of the winding. Curve II is for wire from the end of the winding 
The diameter of the wire at azimuth 90° was, before removal from the inductor, in the direction of a radius 
of the inductor. 


quired to wind the helix. Another explanation is that the temperature 
of the die and of the lubricant gradually changed during the drawing. 
Since the wire was sufficiently circular in cross section and uniform 
throughout its length so that average values of the diameter could be 
used in computing the inductance, no effort was made to find the 
cause of the small observed changes. If the diameter of the wire at 
the beginning of the winding (or at its end) had been used to compute 
the inductance, the result would have been less than 1 part in a million 
different from that obtained by using the mean value of the diameter 
of the wire. - 

The shape of transverse cross sections of the wire was also studied 
by means of photomicrographs. The wire was plated with nickel s0 
that the outer surface could be easily distinguished, then plated with 
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4 heavy coating of copper to give it rigidity. Four wires which had 
heen SO prepared (two samples from the beginning of the winding and 
two from the end) were mounted in a single block of solder, and the 
cTOss sec tion was polished and etched. Photomicrographs were made 
all these samples, using magnifications of 100, 250, and 1000 diame- 
ters. ‘Typical photomicrographs are given in figure 13. In the upper 
photo; graph, in which the magnification is 100 diameters, the entire 
cross section isshown. It is difficult, even with a lens, to observe any 
uregil larity in the periphery of the cross section. In the second 
jotograph is shown the most irregular portion of the same wire as 
that i n in the upper photograph but with a magnification of 1000 
diameters. In this picture small irregularities can be observed in the 
periphe ry. The maximum variation ‘of the periphery from a smooth 
urve was less than ly. The irregularities in the surface of the wire 
would probably affect the computed inductance by much less than 1 
part per million. A comparison of these photomicrographs with 
those ‘ given in the previous publication shows the decided improve- 
ment that has been made in the uniformity of the surface of the wire. 
The photomicrographs with a magnification of 250 diameters were 
made on glass plates in order that measurements could be made on 
the diameter of the image. Data were obtained for all four samples. 
[he curves plotted from these data were smooth, but the variations 
in diameter were several times the average variation observed by the 
micrometer method. This can be explained either as being caused 
by imperfections in the optical system used to make the photomicro- 
craphs, or as resulting from a slight angle between the axis of the wire 
ind the normal to the polished surface so that the observed cross 
section is not exactly a transverse cross section of the wire. These 
measurements on the photomicrographs qualitatively confirm the 
conclusions drawn from the measurements with the micrometer. 
However, the accuracy with which measurements on the photomicro- 
graphs could be made was so much less than with the micrometer 
that no data are given. 


(b) DIAMETER OF THE WIRE FROM THE LENGTH, MASS, AND DENSITY 


The mean diameter of the wire from the length, mass, and density 
and the data used in computing it, are given in table 13. 


TABLE 13.—Diameter of the wire from the length, mass, and density 





| | 
di 
Sample | Length | ane sipped 


er of wire 


Mass | Density 


‘ g 
f winding. -- coe at 327. 11. 9016 
g-. 3 11.9115 


The mean diameter at the end of the winding as given by this 
method was 0.3u larger than at the beginning of the winding, which 
agrees with the difference obtained by the measurements with the 
micrometer. However, both at the beginning and at the end, the 
micrometer method gave a larger diameter than the density method ; 
the amount, by chance, being 0.34, the same as the difference in 


ocnaecsaiiniionininsiietineas 


eee figure 22 opposite p. 61 and figure 27 opposite p. 74 of the previous paper. J. Research NBS 16, 1 
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diameter between the two ends. The smaller diameter which wo; 
obtained by the density method probably resulted from striae wh; 
were produced on the wire when it was drawn. Measurements m; ide 
on the photomicrographs indicated that this is a reasonable explan; 
tion. However, in previous work the diameter determined by +) 
density method was 0.6y less than by the micrometer method. - 
would lead to the expectation that the wire used on the long gla 
inductor had fewer striae than that on the inductors deseribed 
in the previous report. That such is the case can be seen by com 
ing the photomicrographs of figure 13 with similar ones of the , baat i 
publication.® 

Although the density method of determining the diameter of the 
wire was of interest in showing its uniformity, the result by th 
method was not used in the computation of the inductance. Th¢ 
important use of the diameter of the wire was in determining thy 
mean diameter of the helix. This was obtained by subtracting the 
diameter of the wire from the outside diameter of the helix. Since 
the outside diameter of the helix was measured with a micrometer 
it seemed proper to use the diameter of the wire as measured by thi 
same method in obtaining the mean diameter, although the use of 
the average value from the two methods would have changed th 
computed inductance by only a little more than 1 part in a mil lion, 


V. COMPUTATION OF THE INDUCTANCES 


The inductances to be computed were those of the helix and i 
leads and of the substitution inductor. The latter consisted 


parallel wires having a resistance equal to the resistance of the helix 
and its leads. 


1. INDUCTANCE OF THE HELIX 


The inductance of the helix has been computed by Snow’s formula.’ 
The measured constants were: 








Quantity Symbol 





Mean diameter of helix_ 34. 768 38; cm 
Diameter of wire . 072 01 cm 
Pitch of winding . 099 999 24 en 
ee. 2 | ec N 1000. 000 











The values of the terms in Snow’s equation and the inductance o/ 
the helix, Z,, were, when using the above constants, 


L,=103 479 707 myh. 
L,= — 123 470 
—162+91 
—6 
; 490 
L,=103 356 559+91 muh. 





* See reference in footnote 7 
* BS J. Research 9, 419 (1932 2) RP479. 
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RE .-Photomicrographs of a transverse cross section of the 


vire was lightly nickel-plated, then heavily copper-plated. The photograph, with an 
00, shows the most irregular portion of the cross section shown in the photograph wit! 
f X100 
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The + term shows the difference in inductance that would result 
rom assuming either a natural or a uniform distribution of current 
the cross section of the wire. If the current density were uniform 
ver the cross section, the term would be negative; it would be positive 
the agg: density varied inversely as the length of the helical 
s, the natural distribution. 


2. INDUCTANCE OF THE LEADS 


The inductance of the leads was computed by the formulas for the 


f and mutual inductance of straight wires and the formula for the 
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URE 14.—Diagram of the helix with its leads and of the substitution inductor. 


itual inductance between the helix and a straight wire.’ 


The 


rrangement of the leads and the designations of the parts are shown 


in figure 14, 
inces are given in table 1 


4, 


TABLE 14.—Inductance of parts of the leads 


The dimensions of the parts and the computed induc- 





al pairs of parts of the leads 


Length of 
each part 


Diameter of 
each part 


Self induct- 
ance of each 
part 


Mutual in- 
ductance be- 
tween the 
parts of 
symmetrical 
pairs 


Mutual in- 
ductance be- 
tween pair 
and solenoid 





Total inductance=twice sum of 
each column 


muh 
<0.1 
+64 
—251 


myh 


—320 
0 














2364 





—374 





—640 





Inductance of leads=sum of all of the total inductances= 1350 muh 





‘he e formulas are given on p. 21 of the previous publication. A typographical error consisting of 


I Ps arenthesis occurs in one of the descriptions on this page. 


hould be (!—b)/2. 


94848—38—_-3 


In the second line below eq 19, the 
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3. INDUCTANCE OF THE SUBSTITUTION INDUCTOR 


The inductance of the substitution inductor was for the most par; 
computed by the formulas for straight wires to which reference has 
already been made. In addition there is required oe formula {¢ 
the mutual inductance of two adjacent portions of a straight wire 
which are of unequal lengths. If the lengths of the two portions 


are p and q centimeters, the formula is 
M=(p+q) In (p+q)—p In p—qln q 


The parts of the substitution inductor, as designated in figure 14 
have the dimensions and computed inductances that are given jy 


table 15. 
TABLE 15.—IJ/nductance of parts of the substitution inductor 


Length of | . Self induct- 
art or parts g ae \duct 
Part or pat } part Diameter pe 


io 
AB+4A’ Bi. 
BC+B'( 


AB and BC 

A’B' and B’C 

iC and A’C’ 
Total _- 


Inductance of substitution inductor=self inductances, plus twice mutual inductance 





4. EFFECT OF PERMEABILITY OF THE FORM 


The effect of the permeability of the form was computed by ty 
different methods, as described in the previous paper.!! The neces- 
sary data for computing the effect and the results obtained are given 
in table 16. The exact agreement by the two methods was not ey- 
pected considering the assumptions involved. Neither of the method: 
is sufficiently general to take account of the portion of the form th 
extends beyond the winding used in the electrical measurements 
If these extended portions were included, the correction would havea 
larger numerical value than that given in the table, but the amount 
would certainly be less than 1 part in a million. 


TABLE 16.—Correction for the permeability of the form 


{Constants and results] 


] IDLILYV 4. 

n susceptibility De--- 
Ree 4D lity 

side dia meter of forn 
Thickness of { om Nee 
Length of form aS . 
Pitch of wit ‘— oe osee 
Number of turns. -_-.----- 
Computed correction 

(a) Integr method_. 

(b) Reluctance method 


1 The mass susceptibility was measured by Dr. Posnjak of the Geophysical Laboratory of t 
Institution of Washington. The value given is the mean for four samples, two from each en 


ll See eq 23, p. 23, and eq 33, p. 25, of the previous publication. 
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5. COMPUTED INDUCTANCE DIFFERENCE 


The computed inductance difference is the inductance of the helix 
nd its leads, L, minus that of the substitution inductor, /. The in- 
jyctance of the helix must be corrected for the permeability of the 
‘rm. From the preceding values 


L—l=103 356 307 £91 mph. 


The +91 results from the uncertainty in the current distribution in 
‘he wire, Which limits the accuracy that can be obtained in computing 
‘,e inductance. In addition, there is an uncertainty resulting from 
nossible errors in the values of the measured dimensions. The maxi- 
ium presumptive error in each of the dimensions can be determined 
‘rom the preceding data. The values of these errors and their effect 
on the computed inductance are given in table 17. The effect on the 
inductance was computed by formula 21 of the previous article. Com- 
puting the coefficients from the dimensions of the long glass inductor 
this equation is 

f= 1.74 — 0.745 —0.0058%. (4) 

TaBLE 17.—Effect of presumptive errors on the computed inductance 


Possible 

Maximum pre- | error in 
summptive error | computed 
inductance 


Quantity 


ppm ppm 

n of current---- = Sik catalan dat 0.9 
iiameter of solenoid dase = ; 2 0.6 | 1.0 
¢ ] 5 5 | 


140. 0 


The maximum possible error as given in table 17 is 4.1 parts per 
million. Because it is improbable that the errors are all as large as 
indicated or that they all have the same sign, the error in the com- 
puted inductance is probably less than 4 parts per million. 


VI. MEASUREMENT OF THE INDUCTANCE IN NBS 
INTERNATIONAL ELECTRICAL UNITS 


The inductance was measured in terms of the NBS international 
im and the mean solar second, giving the value in NBS international 
The experimental arrangement of apparatus is shown 
lagrammatically in figure 15. The arrangement was the same, 
except for some minor details, as that described in the previous pub- 
lication, and the procedure employed in making a determination was 
uso the same. The alternating-current bridge was balanced first 
with the inductor connected in the bridge and then with the substi- 
tution inductor exchanged for it. The difference in the inductances 
was then obtained in terms of the fixed resistances of the bridge arms 
and of the difference in the capacitances used to measure the inductor 
and the substitution inductor. This procedure avoided the necessity 
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of making corrections for the residual inductances of the bridge y.. 
sistors and for the capacitance of the leads to the capacitors. Tj, 
difference in the capacitances was then evaluated by the Maxyo 

‘apacitance bridge shown on the left, giving its value in terms of th 
resistances of the bridge arms and the rate of the vibrating contac ‘tor 
Combining the results by the two bridges, the difference be tweey the 
inductances of the inductor and the substitution inductor w as obtains 
in NBS international henrys, because all resistances were stated } 
NBS international ohms and the rate of the vibrating contactor . 
known in mean solar seconds. 

The two bridges were arranged so that they could be convenient 
and rapidly operated, and so that the resistance of all resistors eoy\i 
be readily compared with standards obtained from the Resistance 
Section of this Bureau. The apparatus was in two adjoining rooms 
ach of which was heated electrically and continually maintained 4: 


VIBRATING 





CONTACTOR 

a SUBSTITUTION 
P > INDUCTORS 
toe 
KD 
2 S 


MAXWELL 
CAPACITANCE BRIDGE 


INTERMEDIARY 
CAPACITORS 














MAXWELL- WIEN 
A-C BRIDGE 


Figure 15.—Arrangement of bridges used in measuring an inductance in terms of 
resistance and time. 


The intermediary capacitors C, and Cy can be connected to either bridge as desired by the switch, H. Q 
inductor, L, and the substitution inductor, l,, were exchanged in the Maxwell- Wien bridge by the switch 
D (or D’). Part of the measurements were made with the switch, as shown at D. The remai 
made with one blade of D permanently connected to both L and lL as shown at D’. 


25.2°+0.5° C as long as the outside temperature was sufficiently low 
The air in both rooms was stirred by electric fans, but there was 
always some temperature gradient between the floor and ceiling, the 

amount depending on outside weather conditions. The fan for stirring 
the air in the inductor cabinet was about 1.5 m away from the inductor 
The air was circulated to the inductor cabinet through two wooden 
pipes. Baffle plates in the cabinet distributed the air so thorouglly 
that the temperature difference between the bottom and top of the 
cabinet was normally as small as 0.2° C. 


1. MAXWELL-WIEN ALTERNATING-CURRENT BRIDGE 


The Maxwell-Wien alternating-current bridge, shown at the right 
in figure 15, consisted of the inductor (or substitution inductor), the 
resistors, the air capacitor, and the detector. There were also special 
switches for exchanging the inductor and substitution inductor in the 
bridge and for reversing the current through them. Some changes 
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were made in several of these parts after the previous description 
was as published. In the following discussion, special emphasis will be 

viven to the changes in the different parts with the exception of those 

ade in the inductor w hich has already been described. The descrip- 

7 ‘ns given in the previous paper of the auxiliary and substitution 

indu \ctors, the detectors, and the alternating-current power supply 
| no modification. 

{wo sets of observations were required for a determination of the 

‘ference of the inductances corresponding to the two positions of 
the switch D. In one set the inductor was connected in the bridge; 
in the second set the substitution inductor. Each set consisted of 
four readings corresponding to the four combinations of positions of 

ie two reversing switches A and W. Before each reading the de- 
rector 7’ was connected to the Wagner ground and this arm balanced 
«9 that at the final balance of the main bridge the detector 7’ was at 

arth potential. 
(a) BRIDGE RESISTORS 
lifferent types of resistors were constructed, each wound 
are manganin wire. The types were distinguished by the 
rial of the form on which the wire was wound; viz, mica, glass, 
iquartz. ‘The resistors of the mica type were wound on thin sheets 
ica With serrated edges. ‘The winding was unifilar and was not 
| after winding. The resistors of the glass type were wound on 
of Pyrex glass in the manner indicated in figure 12 of the pre- 
eding paper. ‘The resistors of the quartz type were wound on tubes 
fused quartz in the same manner as the glass type. All types had 
very small distributed capacitance. The inductance of each resistor 
{ the mica type was about 15 uh; of those of the quartz and glass 
ypes about 60 uh. 

The temperature coefficients of the resistors were negative and 

varied from 10 to 14 parts per million per degree centigrade. How- 
as the resistors were used in a bath at constant temperature, 
the temperature coefficients did not need to be known. 

The load coefficient of a resistor is here used as the change in 
resistance (in parts per million) for a change of 1 watt in the heat 
dissipated in it. This change of resistance results from the tempera- 
ture of the wire in the resistor being higher than that of the surround- 
ing oil in which the temperature 1s measured. The load coefficient 
is directly proportional to the temperature coefficient, but is also 
influenced by other factors such as the viscosity of the oil and the 
rate of stirring. 

TaBLE 18.—Load coefficients of resistors used in the Maxwell-Wien bridge 

{ the resistors had a nominal value of 650 ohms. Measurements were made with the resistors in the 


same oil and stirred at the same rate as when used in measuring inductance] 





Load co- 


Coil designation Material of form efficient 





| ppm/walt 
amg 
—6 
-—6 


—13 
—12 
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The load coefficients of some of the resistors used in the Maxwell. 
Wien bridge are given in table 18. These resistors were sometime 
used in the alternating-current bridge with a load as high as 0.2 wat; 
while when compared with standards in the direct-current bridge the 
load was only 0.01 watt. Hence a correction of 1 or 2 parts per 
million in the measured resistance was required on account of the load 
coefficient. The load on other resistors used in the Maxwell-Wie) 
bridge was so small that no correction was needed. 

The different types of resistors had such different electrical cop- 
stants that if any one or all had an alternating-current resistance that 
differed appreciably from its direct-current resistance, there would 
almost certainly be systematic differences in the measured inductance 
which could be correlated with the type of resistor. No such system- 
atic difference was observed as can be seen from the data in table 19. 
In this table the values of inductance are given from determinations 
made on 4 successive days using the three different types of coils on 
each day. The maximum difference in the averages is only 3 parts 
per million, which is less than the experimental error at the time the 
measurements were made. Hence, the conclusion has been reached 
that with these types of resistors the resistance at 24 c/s is the same 
within limits of observation as for direct current. 


TABLE 19.—IJnductance of long glass inductor (NBS 1847) as measured by different 
types of coils in Maxwell-Wien bridge 

Temperature: 26.1° C. 

Frequency: 24 c/s. 

Capacitance: Measured with 100 charges and discharges per second in the Maxwell capacitance bridge 





Measured inductance in NBS international microhenrys 
Date (1938) iiciealacaealeia patil sialtinial : ee 





Quartz resistors | Glass resistors Mica resistors 
| 





103 307.0 | 103 307. ¢ 
8.1 6.4 
8.0 


6.9 





103 307.4 +0 





(b) CAPACITORS 


The capacitors were the same as those previously described; viz, 20 
units each having a fixed capacitance of 0.01 uf and two units each 
having 0.03uf. One of the 0.01 units has been replaced by a bank of 
four units having fixed values of 0.005, 0.002, 0.002, and 0.001 yf, and 
a variable capacitor covering a range from 50 to 1500 uuf, any or all 
of which could be connected in parallel with the larger units. Any 
capacitance from about 100 to 260 000uuf could be obtained. 

A shielded lead connected the capacitors to the Maxwell-Wien 
bridge. A variable capacitor at the bridge, in parallel with the fixed 
units, was used to balance the bridge. This capacitor could be read 


to 0.lupf. 
(c) EFFECT OF MAGNETIC MATERIAL 


A careful survey with a special inductor showed that all magnetic 
material was so far from the long glass inductor that any effect on its 
measured inductance was less than 1 part in a million. To insure 
that a suitable place for making the measurements would be available, 
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the woode n floor of R214 East, referred to in the previous article, was 

eplaces by a cement floor covered with linoleum. This removed the 

: nails which had caused a slight uncertainty in the previous work. 

sn inexplor ation showed that the steel reinforcement in the ceiling was 
ar removed to produce a measurable effect on the inductance. 


(d) SPECIAL SWITCHES 


= special switches were employed: one (A, fig. 11) for reversing 
the connections, to the bridge, of the inductor or of the substitution 

a beer the other (D or D’, fig. 11) for exchanging 1 in the bridge the 
me tor for the substitution inductor, or vice versa. 

A new switch was constructed to replace the one previously used 

t A, although the older one was employed during most of the measure- 
ments on account of its low resistance. The new switch was designed 
to insure that there would be no change in mutual inductance between 
‘he parts of the switch and the inductor when the switch was reversed. 
However, no measurable difference was observed when one switch 
repla ced the other. 

The switch for exchanging the inductors either had two blades, as 
shown at D of figure 11, or a single blade, as shown in the insert at 
D’. When both blades were used, only the inductor or the substitu- 
tion inductor was connected to the bridge. When only one blade 
was used, one terminal of each inductor was permanently connected 
to the bridge. This latter arrangement modified the bridge readings 
because of the capacitance to earth of the solenoid. 


(e) CAPACITANCE TO EARTH OF THE SOLENOID 


The capacitance to earth ” of the solenoid was quite different from 
that of the substitution inductor. The original equations for the 
bridge assumed that this difference could be neglected, but a more 
complete study has shown that it must be given consideration. In 
order to simplify the treatment, the equations will be developed in 
which the capacitance to earth of both the solenoid and the sub- 
stitution inductor are neglected and another capacitance to earth 
deliberately introduced into the inductance arm. A diagram of such 
a bridge is shown in figure 16. The capacitance to earth, K, is shown 
by dotted lines to be directly connected to the ground point of the 
third arm, though, in practice, there was no direct metallic connection 
because the walls of the room and other grounded objects formed the 
second plate of the ground capacitance. 

The equation for computing the inductance, when measured by the 
bridge of figure 16, is 

L’=C'nyry— Kr’ yr", (5) 


where L’ is the inductance being measured and the meanings of the 
other symbols are given on the figure. Every set of measurements 
required the measurement of the ‘difference of two inductances and 
hence two different bridge balances; one when the solenoid was in 
the bridge, the other when the substitution inductor was in the 
bridge. The resistances remained the same in the two balances since 
the resistance of the substitution inductor was adjusted to be equal 


LK 

scien importance of the capacitance to earth was first suspected because of a discrepancy in resu Its when 
ors of dit Terent magnitudes were used in the Maxwell-Wien bridge. The bridge equations to include 

he capacitance to earth were first developed by A. V. Astin, of this Bureau. 





412 Journal of Research of the National Bureau of Standards yx, 


to that of the solenoid. When Z was measured the capacitance of 
C’ was designated as C, and when / was measured, the capacit; ae 
of C’ was given as c. The equations for the two balances, assum 

a constant capacitance to earth, are 


L=Cr,r,—Kr'sr"; 
and 
l=cr,r,— Kr’ zr". 


L—l= (C—c)rirs, 


so that the capacitance to earth does not influence the result if it i 
the same in both measurements. In order to test experimentally this 
conclusion, a capacitance to earth was obtained by attaching to th 
junction of r’, and r’’, a sheet of metal about 40 by 100 em which was 
suspended by insulating threads near the center of the room. The 
values of both C and ¢ were each increased about 3uuf by the add 
tion of this capacitance, bs 

4 the value of C—e, and hence of 
L—l, was not measurably af. 
fected by its addition. 

If the capacitance to eart! his 
in any other arm, similar equ; 
tions can be developed, and t is 
effect on the difference in the 
inductances can be shown to be 
zero. This conclusion was also 
experimentally verified, using 
the sheet of metal described 
above and connecting it to 
various points along the r, arm. 
Although this capacitance 
caused marked changes in the 
values of C and ¢, the difference 
between them for any position 
of the earth capacitance re- 
* mained constant within experi- 

L- G mental error. a 
The one condition under 
Figure 16.—Diagram of the Marwell-Wien which the earth capacitance 
bridge with a Wagner ground showing a affects the value of L—1 is when 
capacitance, K, from a point in one arm ° . : 

to the earth point. this capacitance is changed be- 

tween the two measurements. 
When the solenoid is measured its capacitance is distributed along 
its length, whereas when the substitution inductor is measured the 
capacitance to earth is negligible unless the solenoid is connected to 
the bridge at one point. Hence the effect of the capacitance to 
earth of the solenoid produces a different effect in the two measure 
ments of a set. 

In order to obtain the effect of a capacitance to earth that was dis- 
tributed along the solenoid the assumption was made that the effect 
on the Maxwell-Wien bridge equation of two or more capacitances to 
earth connected at different points was equal to the sum of the sepa- 
rate effects as they would be computed by eq 5. Then the equation 
for the effect of an infinitesimal length of the solenoid at a distance 


Subtracting 
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from the end was written, and this summed for all the infinitesimal 
ngths of the solenoid by integration from one end to the other, 
The resulting equation is 


Ents KS ass (r ol (9) 


This differs from eq 5 in that the correction term consists of two parts. 
The first part has just half the value of the term in eq 5. The second 
yart depends only on the resistance of the solenoid and its capacitance 
toe rth, and hence has a definite value for the solenoid regardless of 
( he other constants of the bridge. 

For the long glass inductor w hich had an earth capacitance of 43uuf, 
a resistance of about 50 ohms, and an inductance of 0.1 h, the term 
Kir’,)*/6 bad a value which was less than 2 ten-millionths of the value 
of its inductance so that this term was negligible. 

When the inductor was in the bridge, the balance was not affected 
by ¢ ———— to either of its ends one terminal of the substitution 
inductor. When the substitution inductor was in the bridge, the bal- 
ance was the same when one terminal of the inductor was connected 
to the end of the substitution inductor next to the galvanometer as 
when the inductor was entirely disconnected, but was appreciably 
diferent if a terminal of the inductor was connected to the end of the 
substitution inductor which was farthest from the galvanometer ter- 
minal. If the latter connection is used, eq 5 must be employed to 
evaluate the inductance, but if the former connection is used the 
correction term is zero because r” 3 1s zero. 

From the above considerations, two different procedures were devel- 
ped for obtaining the value of L—l. In the first, the solenoid was 
el slice disconnected when measuring the substitution inductor. This 
necessitated the use of eq 9 for computing Z. In the second, the coil 
was connected first to one end and then to the other of the substitu- 
tion inductor, so that the average of the two readings obtained in this 
way gave the equation 

l=cryr,—Kr’;r”;/2 (10) 


Subtracting this from eq 9 and neglecting the term K(r”;)?/6, the 


resulting equation is 
L—l=(C—c)ryry. (11) 


This equation is identical with the one used in the published work. 
However, in that work the procedure here outlined was not generally 
followed. 

2. MAXWELL CAPACITANCE BRIDGE 


Maxwell’s bridge for the absolute measurement of capacitance was 
employed to measure, in terms of resistance and time, the capaci- 
ances that were used in the Maxwell-Wien alternating-current bridge. 

he Maxwell bridge was not fundamentally changed from that previ- 
usly described, but a number of modifications were made. The 
uertia type of ‘vibration commutator for charging and discharging 
the capacitors was used exclusively. Special galvanometers were con- 
tructed to supply experimental evidence concerning the accuracy of 

ie integration of the current. The former bridge was replaced by a 
1ew bridge which was more convenient to operate. Additional cali- 
oe were employed and the resistance of the battery 
as studied. 
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(a) THE VIBRATION COMMUTATORS 


Three different vibration commutators of the inertia type wer 
employ ed. These were attached to tuning forks having natural { 
quencies of approximately 100, 400, and 1000 c/s. These { forks iad 
driven by alternating currents of exactly the frequencies listed aboye 
These alternating currents were furnished by the Radio Section of thi: 
Bureau as submultiples of standard radio frequencies which wer 
maintained with an accuracy of about 1 part in 10 million. Heng, 
there was no uncertainty in the frequency of charge and disc] harge 
of the capacitors. 

In measuring 0.lyf all three commutators were used, but whe 
measuring 0.25yf, only the 100- and 400- cycle forks w ere emp loved, 
There were two reasons for not using the commutator attached ; 
the 1000-cycle fork when measuring 0.25uf. In the first place, the 
time of charge was so short that in order to have the capacitor com. 
pletely charged the ratio arms of the bridge would have had to be 
reduced to 10 ohms each, instead of 100 ohms, as used with the othe; 
commutator. With this reduced resistance all but one of the thre 
availble galvanometers were overdamped, so that their operation 
was slow and somewhat uncertain. In the second place, the internal 
resistance of the battery introduced so large an uncertainty in the 
computation of the correction factor that data made using this con- 
tactor would have been of little value. The effect of the bat ttery 
resistance is discussed in greater detail in a later section. 

The vibration commutator consisted of a tungsten reed which 
vibrated between platinum contacts.'* When the reed struck one oi 
the contacts heat was produced and a thermal electromotive force 
might have been introduced into the circuit. In order to determine 
whether this electromotive force affected the measured capacitance 
thermal electromotive forces were deliberately introduced first int 
the charging and then into the discharging circuit of the capacitor, 
In each circuit was a short length of constantan wire so that a! 
appreciable electromotive force could be introduced by heating on 
end. These electromotive forces did not affect the measured capac 
tance when the readings were made with direct and reversed current, 
although they were, in every case, many times larger than those which 
may have been produced at the contacts. 


(b) THE GALVANOMETERS 


A galvanometer for use in a Maxwell bridge must have high ballistic 
sensitivity and low resistance. Its period must be long and its critical 
damping resistance less than the resistance of the bridge arms 1 
parallel with it. Its zero must be stable, and it must correctly inte- 
grate the current flowing through it. In order to meet these requir 
ments, the coil must have only a small number of turns of relatively 
large wire and must be in a strong magnetic field, the value of which 
is not appreciably changed by the large current through the coil when 
the capacitor is being charged. The permeability of the coil mus 
be very nearly unity and the magnetic field must be very uniform 1 
the region occupied by the coil. 

Two new galvanometers were constructed and used in conjunction 
with one of those described in the earlier publication. The important 


13 See figure 16 of previous paper 
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constants of all three are given in table 20. The principal differences 
are in the materials of the magnets. In one, the magnets are com- 
pressed blocks of the oxides of iron and cobalt.'* In another, the 
magnets were cast Alnico, the trade name of a material which con- 
tains iron, aluminum, nickel, and cobalt, and which has very high 
retentivity. The third, which was the one used in the previous 
investigation, has a magnet made from cobalt magnet steel. The 
shapes of the different magnets are shown in figure 17. 
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Figure 17.—Diagram showing the shapes of the magnets in the three galvanometers 
used in the Maxwell capacitance bridge. 


SX beet) Lh 
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Materials: I, Alnico; II, cobalt and iron oxides; and III, cobalt magnet steel. 


Each shape was chosen because of the magnetic characteristics of 
the different materials. In every case the central core was of the 
same material as the magnet. Before magnetization iron spacers 
were placed between the magnet and the core in the expectation that, 
when they were removed after magnetization, the field would be nearly 
uniform over the region in which the coil was mounted. 


TaBLe 20.—I/mportant constants of galvanometers used in the Maxwell capacitance 
bridge 





Galvanometer 
Constant 








Material of magnet Alnico-- ..| Iron and co- | Cobalt magnet 
balt oxide. | _ steel. 
Form of magnetic circuit...............-...-.-- s ..-| Horseshoe. 
Height of coil -| 64 -| 64. 
Width of coil Boel ae 21. 
Diameter of wire in coil : 0. 13. 
Number of turns in coil ‘ peated 24.5. 
Resistance of coil and suspension at 25° C Ali er 5.07. 
Period Seconds---- , 6. 
Obms..----- 70. 
¢ Amperes sa ae 
(mm at 1m 1OXI0™. 
f Coulombs |) 
| mm at 1m/}j 





Ballistic constant with critical damping 





260X 10-1°__| 770 10-10__- 320X 10-19. 





* Estimated. 


* Described by C. S. Williams, Permanent magnet materials, Elec. Eng. 55, 19, (1936). He gives reference 
to the original Japanese article by Kato and Takei. 
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The oxide material has a resistivity of more than 1000 ohm-c 
while the Alnico and cobalt magnet steel materials have resis tivities 
of less than 0.001 ohm-cm. Hence, the conductivity of the oxide ; 
less than 1 millionth of that of the others. Because the coil of , 
galvanometer used in a Maxwell bridge carries a variable current anj 
is also in motion, there is a tendency for eddy currents to be produced 
in the nearby portions of the magnets. If these currents are suf. 
ciently large they might affect the bridge setting, but they were cer. 
tainly too ‘small 3 in the oxide magnet to. produce a measurable effect 

A ‘number of measurements of capacitance were made in whi 
first one and then another galvanometer was used. The results are 
summarized in table 21. Since the observed differences between t}y 
different galvanometers is within the experimental error of the measure. 
ment, it 1s quite certain that the results will not be influenced bys 
systematic error due either to eddy currents or to the type or sha 
of the magnets of the galvanometer. 


TABLE 21.—Measurement of capacitance using different galvanometers 





Measured capacitance | Observed dif 
Frequency! ___ 
of charge 
Galvano- Galvano- Galvano- and dis- | 
meter meter meter charge (A—B) |(B—39538) |(395: 
7172A 7172B 39538 
pe 





Date (1938) 











put put put ig ppm 
cee 245 212.6 245 214. —6 +8 
J 245 209. 
\ 245 212 
245 234.8 245 231. 
245 232.3 245 231. 
245 231.9 
245 215.9 
245 212.7 
245 211.3 


—8§ 


anne 

















(c) THE BRIDGE 


The new bridge was assembled in a single box which contained the 
ratio coils, the rheostat arm, and the switches for reversing th 
battery connections and for closing the galvonometer circuit. E me 
ratio arm had resistances of 10, 100, 1000, and 10 000 ohms. The 
rheostat arm had 8 dials in which the steps were 0.01, 0.1, 1, 10, 100, 
1000, 10 000 and 100 000 ohms. The resistances differed from their 
nominal values by only a few parts in 10 thousand. 


(d) THE CALIBRATING RESISTORS 


Six different calibrating resistors were used to determine the cor- 
rection to the reading of the bridge in the absolute measurement (/ 
capacitance. Each calibrating resistor consisted of a number of 
coils, each having the same nominal value, which were so connected 
to terminal blocks or switches that they could be connected either in 
series or in parallel. Because the resistance of each coil diffe red f from 
its nominal value by less than 0.1 percent, the resistance of all the 
coils in series differed by less than 1 part in a million from the product 
obtained by multiplying the resistance of all the coils in par allel by 
the square of the number of coils. However, in the parallel connec- 
tion the connecting resistances produced a different effect from that 
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‘. ¢he series connection, necessitating a correction to the simple rule 
viven in the preceding sentence. In two of the resistors this correc- 
‘ion was less than 1 part in a million. In two others, the correction 
was made zero by arranging the connections so that, to the series 
arrangement, there was added a small compensating resistance which 
yas not connected in the parallel arrangement. In two others, cor- 
‘ections had to be applied when making the computations. The 
aopstants of each resistor and the amount of the correction term are 
riven in table 22. 


TspLB 22.—Constants of the calibrating resistors for the Maxwell capacitance bridge 





Nominal resistance Maxwell bridge char- 
acteristics 





Number 
of coils 

in resis- 
tor, n 


Correc- 
Number of tion 
Coils i Nntlo i i arges a 
oil in Coils in Capaci- ch aT ges term, 8 
series, parallel, tance and dis- 
R. Rp ‘ charges 
per second 





Ohm Ohm Ohm c/s 
10 000 100 000 1000 
10 000 100 000 1000 
10 000 100 000 1000 
10 000 100 000 1000 


10 000 25 000 > 1000 


10 000 50 000 2000 
20 2 000 40 000 100 
10 1 000 10 000 100 


| 
} 


100 
100 
100 
100 
400 
100 


100 
400 














Dynw eB Ree 














» The correction term, 8, is taken from the equation Ra=n’Rp (1—8X10-), where R, is the series resistance, 
R, is the tance in parallel, and n is the number of coils. Both the R, and R, are the resistances from 
inals, which, in every case, were amalgamated copper studs designed to fit into mercury cups. 
idition to measuring the resistance of the 10 coils in parallel, a measurement is required of the differ- 

» resistances of the 2 halves of 5 coils each when connected in series. 


The resistance of each resistor, when the coils were in parallel, was 
either 100 or 1000 ohms. The resistance of each was compared, 
within a few minutes of the time it was used to calibrate the Maxwell 
bridge, with the resistance of each of a group of standard resistors 
which were furnished and certified by the Resistance Section of this 
Bureau. These standard resistors were kept in an oil bath which 
was at room temperature of about 25° C. The relative values of 
their resistances were determined whenever measurements of induct- 
ance were made and they were frequently sent to the Resistance 
Section for recalibration. 

The calibrating resistors were so chosen that, when connected in 
series and used to replace the capacitor and commutator in the 
absolute capacitance bridge, the balancing of the bridge could be 
accomplished by a change in the rheostat arm of less than 2 percent 
of its value when measuring the capacitance. Since the coils of the 
bridge were not adjusted with an accuracy of 0.01 percent, the cali- 
bration errors of the 1,000-ohm coils had to be considered when com- 
puting the capacitance from the bridge readings. In no case did this 
correction exceed 1 part in a million. The coils of the bridge were 
sufficiently stable, so that no uncertainty resulted from this correction. 
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(e) THE RESISTANCE OF THE BATTERY 


The resistance of the battery arm may conveniently be cons sidered 
in two parts; viz, the metallic leads from the bridge to the bat; tert 
terminals and the internal resistance of the battery. The resistgy, 
of the leads is a definite quantity that can be readily measured, a the 
internal resistance of the battery is indefinite since it depends On the 
method of measurement, the amount of current drawn from th, 
battery at the moment and, for a storage battery, its condition of 
charge. Hence it is important to select a : battery with a low intern; 
resistance in order that the uncertainty in this resistance m; Ly b. 
small. 

In the previous paper it was shown that an uncertainty, 6B, in th 
battery resistance, introduced an uncertainty, 6/F, in the correctio) 
factor. The relation is given by the equation 


65F=nCoB, 1] 


where n is the number of charges and discharges per second and (js 
the value of the capacitance being measured. But since 6C/C=6F/} 
and since F is very nearly unity, the effect of an uncertainty 6B i: 
the battery resistance can be computed from the equation 


°C =nCoB a2 


In order to show the effect of an uncertainty in B in the measured 
capacitance, table 23 has been prepared to give the effect of an 
error of 0.1 ohm in B on the measured value for each capacitance and 
each frequency used in this investigation. 


TABLE 23.—Effect of an error of 0.1 ohm in the battery resistance on the measur 
capacitance 





| 
| Error in capacitance 
| 
| 





| Capacitance | 4 ¢ 199 charges lat 400 charges 
and discharges/and discharges 
per second | per second 








ppm | ppm 
4 


The resistance of the battery was determined by measuring its 
drop in potential when a known current was drawn from it. Althoug 
several batteries were used at different times, a particular one fame 
nated E30+G30) was usually employed. The measured resistance 
of this battery was 0.15 ohm, with an uncertainty of about 0.05 ohm, 
A confirmation of this value was obtained in measurements of a capa 
tance of 0.25 microfarad, using 100 and 400 charges and discharge 
per second. In one series of 12 measurements, in which the capac 
tance of 0.25 uf was measured on each occasion, using both 100 
and 400 charges and discharges per second, the average value 
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100 charges and discharges per second was 5 parts per million less 
than the average value at 400 charges and discharges per second. 
ie his difference was caused by an error in the battery resistance a 

Jue 0.085 ohm instead of 0.15 ohm would have reduced the difference 
- zero. In all the reduction of data, the measured battery resistance 
of 0.15 ohm has been used. 


VII. OBSERVATIONAL DATA AND RESULTS OF THE 
ELECTRICAL MEASUREMENTS 


The electrical measurements were made between January 14 and 
June 25, 1938. The results are summarized in table 24. 


laste 24.—Difference between the inductances of the long glass inductor (NBS 1847) 
and the substitution inductor 


Measurements made during the first 6 months of 1938. 
Temperature of inductor: 26.1°+0.5° C. 

Frequency used in the alternating-current bridge: 24 ¢/s. 

Frequency used in the capacitance bridge: 100 charges and discharges per second 


{The individual values from which this summary is made are plotted in figure 13] 





Nominal values of constents in | Average 
Maxwell-Wien bridge deviation 

i Mean | Number | of indi- 
Resistances | in i ance} vations termina- 
L-l | in group | tion from 

| mean of 

| group 


| Capaci- | 
| tance, C 
% 





°y esis |. value of | of obser- | vidual de- 
ive 
| 
| 
| 


Ohms | Ohms | NBSint ph | 
goo |{ 1300} 103 306.6 
it 1950 6.2 


uf | Ohms 


0.1} 1300 | 
| 


| 

| 

| 
1625 32% 1950 
975 525 | 975 | 
25 | 978 
325} 1625 
|{ 650 
1300 325 [4 1300 
2600 | 


525 | 


2 380 


| 

| 1{ 650 | 
650 650 |1 1300 
| '{ 2600 | 
25 | 1300} 325 | 


Total number of observations. ....-.---.-- 


Mean of the 90 observations: 103 306.8 wh. 
Average deviation of the 90 individual values from the mean: +£0.59 yh 
Maximum deviation of any value from the mean: 1.5 wh. 


All of the individual results are plotted in chronological order in figure 
18. There were 90 sets of data, no one of which contained any known 
error. ‘The average value of the difference between the inductance 
of the inductor and that of the substitution inductor was 


103 306.8 wh. 


The average variation from the mean was +0.59 wh and the maximum 
variation was 1.5 uh. 

The results are summarized so that all the values obtained with any 
given arrangement of the constants in the alternating-current bridge 
are grouped together. There are three large groups, the smallest of 
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the three having 15 sets of observations. In no case does the average 
for any one of “these large groups differ from the average of all the 
observations by more than 0.2uh, or 2 parts in 1 million. As the 
errors of observation may account for this difference, there is no indi- 
-ation that the value obtained for the inductance was dependent on 
the magnitudes of the resistances and capacitances which were used 
in this bridge. This conclusion is further supported by the results for 
‘he 10 small groups of 1 to 4 observations, since in every case the 
difference from the mean is less than the errors of observation. 

The results as plotted in figure 18 appear to indicate a decrease in 
inductance with time. ‘There seems to have been a greater variation 

in the results in May and June than in January, F ebruary, and March. 
These anomalies could have resulted either from errors in the electrical 
measurements, from a gradual change in the dimensions of the in- 
ductor, or from a drift in any one of the units on which the electrical 
measurements were based. 

The most probable causes of errors in the electrical measurements 
were changes in the room temperature and humidity. They were 
more nearly constant when the rooms were heated during the winter 

months than after the artificial heating was discontinued about May 1. 
“nen ver, observations were never made when the room temperature 
was above 27° C or the relative humidity above 60 percent. Experi- 
ence bas indicated that these conditions are not sufficiently different 
from those in a heated room to appreciably affect the results. More- 
over a study of the data has shown no correlation between the meas- 
ured inductance and either room temperature or room humidity. 
Hence, there is no evident reason why the electrical measurements 
should have caused the apparent change in inductance. 

The dimensions of the inductor that might have changed suffi- 
ciently to affect its inductance are its length and diameter. Both of 
these would have been changed if the copper wire, which was under 
tension when wound on the form, should have gradually elongated. 
Such an elongation would have increased the diameter of the helix 
and decreased its length. Both these changes would have increased 
the inductance, whereas the observed change was in the opposite 
direction. Hence the apparent drift in inductance cannot result from 
the release in tension of the copper wire. On the other hand, if there 
is a plastic flow in the glass form on which the helix is wound there 
would be a decrease in inductance. While a flow of this nature occurs 
in some kinds of glass, the Pyrex glass used in this form is very per- 
manent, being the same kind as is used in the largest telescope mirrors. 
The probability of such a flow is very small. "This question can be 
definitely settled by new measurements of the diameter, which will 
be made in the near future. 

There are two units to which all of the electrical measurements are 
referred; viz, the unit of time and the unit of resistance. The unit of 
time is the mean solar second. This depended primarily on the astro- 
nomical observations which are regularly made at the United States 
Naval Observatory. The crystal clocks, which served as the standards 
of time during this research, were daily compared with the clocks of 
that observatory. The drift, if any, in the time unit was much too 
small to affect the measured inductance. 

The unit of resistance was the NBS international ohm, as main- 
tained by the Resistance Section of this Bureau. Its stability is 

94848—38-——4 
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shown by the relative constancy of resistors made from different mate. 
rials and of those having widely different values. If there are ay, 
changes with time, they are of quite a different order of magnityd. 
from those required to explain the discrepancies indicated in this 
investigation. 

The above discussion has not indicated the probable cause of th, 
apparent change of the inductance of the long glass inductor wit! 
time. Probably there is some undiscovered change in some feature of 
the electrical measurements, such as a change in the resistance of the 
battery used in the absolute measurement of capacitance. A detaile, 
study of all features of the electrical measurements is planned. 


VIII. THE RESULT 


The result of this determination with the long glass inductor was 
obtained by dividing the difference, between the computed inductance 
of the solenoid and the substitution inductor in absolute henrys, by 
the difference in their measured inductances in NBS international 
henrys. The computed difference in the inductances, as given on 
page 407, was 

L—l=103 356.3 absolute microhenrys. 
The measured difference in their inductances, as given in table 24, was 
103 306.8 NBS international microhenrys. 


The ratio of these two values is 1.000 479. Hence the result of this 
determination may be stated as 


1 NBS international ohm=1.000 479 absolute ohms. 


The authors are of the opinion that this does not differ from the true 
value by as much as 20 parts in a million. 


IX. WEIGHTED RESULT OF THIS AND THE PREVIOUS 
INVESTIGATION 


The results of the previous investigation are in error because the 
capacitance to earth of the inductors was not considered. Hence 
some estimates have been made of the magnitudes of the corrections 
that should be applied to the different inductors. By assuming that 
each had a capacitance to earth of 35uyf, the correction was computed 
for several combinations of resistances that were used in measuring 
the inductance in the Maxwell-Wien bridge. The smallest computed 
correction was 2 ppm, the largest 7 ppm. The application to all the 
different observations would be laborious and did not seem to be jus- 
tified. It seemed sufficient to increase by 5 ppm the value of the ratio 
determined for each inductor, as given in table 24 on page 81 of the 
previous paper. 

The mechanical dimensions of the long glass inductor were so muci 
more uniform and were measured with so much greater accuracy than 
was the case with the inductors previously measured that results 
obtained with it apparently pelle be given a greater weight in 
averaging results. On the other hand, the accuracy of the electrical! 
measurements has not been appreciably increased except as regards 
the capacitance to earth of an inductor for which corrections can be 
applied to the previous results. Hence in averaging the results ol 
both investigations, the value of the ratio obtained in this investiga- 
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tion, using the long glass induc tor, has been given twice the weight 
of that obtained when measuring the quartz induc tor, which was the 
hest of the three used in the previous investigation. The results, their 
assigned weights, and the weighted mean are given in table 25. 


» 25.—Values of the ratio of the absolute ohm to the NBS international ohm, 
obtained from the inductors used in this and the preceding investigation, together 
h the weights assigned to them 


Ratio of the 
value of a 
| resistancein | 
Inductor | absolute ohms | Weight 
to that in NBS | 
| international 
ohms } 


1. 000 486 
, 1. 000 447 | 

7 iat : aa 1. 000 454 
iss (NBS 1847) - : . 1. 000 479 | 


rhted mean -- : ; 1. 000 468 |... 


The most probable value from the results of the two investigations 
can be stated as 


1 NBS international ohm—1.000 468 absolute ohms. 


The NBS international ohm is, according to the 1937 comparison 
by the International Bureau of Weights and Measures of the units 
of the national laboratories, 3.7 parts per million less than the mean 
international ohm. Using this relation, 


1 mean international ohm—1.000 472 absolute ohms. 


Additional observations which will be completed before the end of 
this year may slightly alter this value. 


X. RESULTS RECENTLY OBTAINED IN OTHER LABORA- 
TORIES 


Since the publication of our previous paper, the following results 
of investigations in other laboratories have been published. 


| Ratio of 
| the abso- | Possible ; imate 
| ‘ : “a ossible error as estimate 
Laboratory Method ett by investigator 
| tional ohm 





ppm 
{Lorenz !__- 


nal Physical Laboratory . |\Campbell at 


Laboratoire Central d’Electricité acciicn] SPREE eae aaa .0 5 Seven units in last s 
| cant figure. 


' Vigoureux, Nat. Phys. Lab. Collected Researches, 24, 277 (1938). 
? Harts horn and Astbury, Phil. Trans. A 236, 423 (1937) 
Jouaust, Picard, and Herou, Bul. soc. frang. électr. [5] 8 586 ( 1938). 
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MEASUREMENT OF RELATIVE AND TRUE POWER 
FACTORS OF AIR CAPACITORS! 


By Allen V. Astin 


ABSTRACT 


An alternating-current bridge for measuring the differences of power factor of 

capacitors to £51077 in the commercial and audio-frequency range is described. 
The bridge is essentially of the Schering type, with a Wagner ground connection, 
| may be arranged for either high- or Tow- voltage use. The theory of the bridge 
given for both perfect and imperfect balance, “the latter permitting evaluation 

of the error due to residual voltages. 

Variable low-loss air capacitors for use in the bridge are described. It is shown 

that the power factor of a guard-ring air capacitor is not necessarily zero, and a 
method is given for determining the true value of this power factor. 


al 
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I. INTRODUCTION 


As part of a program for the investigation of electrical-insulation 
problems, it was found necessary to develop an alternating-current 
bridge for measuring capacitor power factors of the order of 1X10~°. 
At the time the work was started (1930) the precision of power-factor 
bridges, as described in the literature [1, 2],* was of the order of 
1x10-5. The precision has been extended to about 1 10~ since that 
time [3, 4]. Previous methods have been confined primarily to a 
measurement of the differences in the power factors of capacitors, 
and there has apparently been no satisfactory procedure for deter- 
mining the absolute or true values of these power factors. In the 
present work a method has been developed for evaluating the true 


' A large part of this work was done by the author as a research associate for the Utilities Research Com- 
mission of Illinois in 1930-32. The work completed at that time was summarized at the annual meeting of 
the Electrical Insulation Committee of the National Research Council in 1932 and an abstract published in 
Elec. Eng. 52, 104 (1933). 

* Figures in brackets indicate the literature references at the end of this paper. 
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power factors of low-loss capacitors,? and a bridge has been desigp, 
for measuring very small differences in their power factors. 

All bridges for small power-factor measurements of capacitors 9, 
similar in that they are fundamentally Schering [4] bridges, as shoy, 
in figure 1. Here the bridge circuit is made up of capacitors », 
resistors, the phase angles “being balanced by the capacitance 
parallel with resistance. The various bridges differ in the points 
connection for the source and detector and in the methods of ground. 

ing and shielding. In the bridges ¢ 
Kouwenhoven [4] and Balsbaugh ish the 
power is applied at the C,, C, junctio; 
and the &;, R, junction, as in the orp. | 
inal Schering bridge, so that, in genera! 9 
the bridge offers a high impedance to {}y ' 
source. This high impedance make: Mi | 
the bridge suitable for high-voltgg, \ 
work, and henceforward such an orien. Ht 
tation of the source and the detecto 
will be referred to as the high-voltage 
form of the bridge. In the Ogawa [? 
bridge the power is applied in the Q,, 
junction and the C,, Ry junction, thy 
Figure 1.—Arrangement of ad- presenting a low impedance to 
mittances in a Schering-type source and a high impedance to th, 
bridge. detector. This latter arrangeme 
In the original, or high-voltage form, power has recently been called a conjugate 
is applied on the horizontal connectors Schering bridge [6]. Dye and Jones 
and in the low-voltage, or conjugate form, - : s : 4 
on the vertical connectors. [7] have used a variation of the con- 
jugate bridge for power-factor meas- 
urements of the order of 1X10-> with frequencies up to 1,000 kes 

The conjugate arrangement of the bridge makes the use of Wagner’ 

[8] grounding method very natural and simplifies the shielding of t 
parts of the bridge. Ogawa has also pointed out a method of using 
the Wagner ground with the high-voltage form of the bridge. T! | 
bridge forms to be described in this paper are extensions of those of 
Ogaw: a. The Schering bridge (fig. 1) forms the bridge proper, groun¢- 
ing is obtained by Wagner’s method and a switching arrangement 
(to be described) permits connecting the bridge for either high- or 
low-voltage work. In extending the precision beyond that obtain 
prev iously, a method of balancing out residual effects due to imperfect 
wave form and imperfect shielding was necessary. This is described 
in the section on bridge theory. 

The reasons for the superiority of the Schering bridge form for sn 
power-factor measurements have been discussed in detail by ote 
especially Ogawa. They are, however, briefly these: First, the bridg 
elements are easily shielded since no inductors are present. Secon 
the absence of series connections in any bridge arm between capaci- 
tance and resistance simplifies both the shielding and the evaluation 
of distributed effects. Third, the bridge balance can be obtained by 
the adjustment of capacitors only, thus eliminating the effects of 
changes in the phase angles of the resistors. 

? This method was described by the author at the annual meeting of the Electrical Insulation Commit! 
of the National Research Council, November 5, 1936, at Boston, Mass. At the 1937 meeting of tl 


mittee and at the June 1938 meeting of the AIEE. W. B. Kouwenhoven and E. L. Lotz have descrit 
similar method for determining absolute power factor. 
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In order to measure small power factors it is necessary that the 
ipacits ors, C, and C, have small power factors. If a bridge is used in 
shich the detector is not brought to ground potential at the balance, 
shielding circuit at the detector potential is necessary in addition 
.) eround-potential shields. Thus, if it is desired to use shielded 
wjard-ring capacitors for C, and C,, these capacitors must have four 
lee trodes [3] (two measuring electrodes, one shield-circuit electrode, 
nd one grounded electrode). The use of the Wagner ground brings 
the detector to ground potential 
at balance, eliminates the extra 
shield circuit, and permits the use 
of three-electrode capacitors for C, 
and C, when shielded guard-ring 
‘apacitors are necessary. ‘The var- 
iable three-electrode capacitors 
which have been built for use in 
the bridge will be described later, 
as well as the method which has been 
developed for evaluating their power 


factors. 
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Il. THEORY OF THE BRIDGE 


I. LOW-VOLTAGE, OR CONJUGATE 
SCHERING BRIDGE 


(a) PERFECT BALANCE 


The general equivalent network 
arrangement of a bridge with a 

agner ground is shown in figure 2, 
woe and 2 represent the power 
terminals, 3 and 4 the detector ter- 
minals, 0 the ground point, and the Ficure 2.—Location of equivalent 
Y terms the admittances between stray and ground admittances in a 
peiz aa “ bridge network. 
the various terminals. The cur- 
rents from the source to bridge terminals 1 and 2 are J, and Jy, 
respectively. 

Following the method of Ogawa, the sum of the currents entering 
each terminal is equated to zero, giving the following set of equations: 


Yi2(Vi-— V2) + Yis(Vi— Va) + Yuu Vi — Va) + Yr = Ni 
¥2(V2— Vi) B Yo3(V2— V3) + Ya(V2— V;) + YooV2 =I, 
Yia(Vs— Vi) + ¥os(Vs— V2) + Yea(Va— Vi) + Ya0V2=0 | 
Yu(Vi-— Vi) i Yu(Vi-— V2) a Yu (Vi-— V3) + YuoVs =0 
where V,, V2, V3, and V, are the potentials with respect to ground of 


terminals 1, 2, 3, and 4. Currents J, and J; are obtained from the 
equations: 








Yi=£,—h/y—(ht+h)/yo and V2= E,— 1h/y2— (h+ L2)/yo (2) 


and are 
h=(yty) £i— YoL,— (Yot x1) Vit YoV2| 


é 3 
i,= (Yo4 2) E,—yoEi— (Yo yo) VityoVi) 9) 
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Here EF, and £, are the electromotive forces, and yo, y;, and y, th 
admittances of a general type of source, which can be peceenute 
as shown in figure 2._ Upon substituting the values for J, and J, jy 
eqs 1, and retaining the last two equations of the group and formins 

two new equations from the difference of the first two and the sum o; 
all four, the following set is obtained: 


Vi(2 Yt Yis+ Put ty 0 t+2YyYo +) — Mira t Yat You+ Yo) 
+ 2Yo+ Yo) + V3(Yo3— “} 13) + Va(You— u) = (2 Yor) | 

— H,(2 Yor +Y2) = S; | 
{ 


0 


Vi(Yiot Yi) + V2(Yo0- + Yo) + V3Y3o+ ViYon=yLt+y.F,=S8, (4 
Vi Vis t+ V2¥o3— V3( Ys Yo3+ Ys4+ Y30) + Vi Ye =0 | 
ViYuat Vo Yost Va¥as— Val Vist Yoat+ Yast Yeo) =O 


Here all the terms involving the properties of the bridge are on the 
left-hand side of the equations, and those involving the properties of 
the source are on the right-hand side. The major source-term is §,. 
representing roughly the product of the electromotive force and admit- 
ge of the source. The ¢ asymmetry of the source is represented by 

», which, in general, is very small compared with S,. 

he conditions for perfect balance can be obtained from eq 4 by 
determining the requirement for V; to equal Vy. The solution has 
been shown by Ogawa to be 

7 — Vat Vu » 
Y13Yn— } 231 "V+, ~aV, (Ya ~~ J 30 2 24). 
The relation includes, in addition to the admittances of the bridge 
proper which are on the left-hand side of the equation, ground admit- 
tances Yx and Yo, as well as a ratio of the detector terminal potentials 
to V;. If the ground admittances are zero or negligible, eq 5 reduces to 


YisYu=YoYu; (6 


involving only the admittances of the bridge proper. Relation 6 can 
also be made to apply by making V;=V,=0, which is the object 
sought in Wagner-grounded bridge technique. However, in high- 
precision work it may be difficult to balance the ground impedances 
to the same degree of precision as those in the bridge. This possi- 
bility can be seen in the equation 


(Yioty1) Yos= (Y20+Y2) Vis, (/) 


which represents approximately the condition for V;=0. The rela- 
tion involves the admittances of the source, which admittances will, 
in general, be less stable than those of the bridge. When it is incon- 
venient to bring the detector to ground potential with the same 
precision as when the bridge proper is balanced, the equivalent effect 
can be obtained by making (Y3Yo4—Y«Y23) so small that the right- 
hand side of eq 5 becomes negligible. The balance relation can then 
be represented by eq 6. In a bridge where stray admittances Y; 
and Yy are mel 4 compared with the admittances of the bridge, the 
balanced condition is much less dependent on the potential of the 
detector terminals with respect to ground than when these admit- 
tances are of the same order of magnitude. However, it is not gen- 
erally realized that when the balance adjustments of the bridge 
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per depend appreciably upon the values of Yo, Yoo, y;, and y2 this 
jepende nee can be materially decreased by adjustment of either Y3» 
or Yw to make 


pro 


Vp Yu Yao V3. (8) 


s feature is especially useful in a bridge such as that shown in 
soure 1 arranged in the conjugate or low -voltage form where the dis- 
iI ilarity of admittances Yo; and Yo. requires a corresponding dis- 
similarity in stray admittances Y39 and Y4 to reduce the dependence 
on the ground admittance values. Dye and Jones [7], using a con- 
cate-type Schering bridge, found that a resistance between ground 
ie the junction of BR, and R, considerably improved the perform: ince 
of their bridge, but they did not point out the reason for it. 

[fan am] plifier i is used between the detector and bridge, the measure- 
ment of ( ’,—V,) directly requires either that the amplifier be un- 
er0l unde .d or that coupling between the bridge and amplifier be made 

hrough a shielded transformer of high impedance. The latter method 
is very unsatisfactory with a bridge where the high- impedance termi- 

als are connected to the detector, primarily because of the influence 
; stray fields on the transformer. The use of an un grounded, 
loubly shuld amplifier is preferable, and is the method described by 
Dye and Jones [7]. 

{n alternate arrangement, permitting the use of a conventional 
rounded amplifier, involves adjusting the potentials of terminals 
} and 4 separately to ground potential. (This procedure will be 
referred to hereafter as separate balancing of the terminals to ground 
in contrast to a direct balance of the potentials of two terminals.) 
This procedure of course requires that the ground admittances be 
adjusted as carefully as those in the bridge proper, but frequently this 
W il be more convenient than to use an ungrounded amplifier. Both 
methods have been used satisfactorily in the present work. 

If the bridge is of the form shown in figure 1, specific admittance 
values may be substituted for the general terms of eq 6. The orienta- 
tion of the bridge with respect to the source and detector is immaterial 
in this e quation. 

If the impurities in C; and QC, are represented by equivalent parallel 
resistances A, and R», and if impurities in #; and A, are represented by 
equivalent parallel capacitances included in C; and C;, eq 6 becomes, 
upon substituting proper values and separating the real and imagi- 
nary terms: 


nl 


C,, CO, _C; C; i - ale * 
RRR, TR, ™ BR, OOF R, oF, — FCC. (6a) 


The frequency of the alternating current is given by w/27. If 
C.R:>C,R, and C,R,>>C;R3, eq 6a can be reduced and combined to 
give as the balance conditions 


R, ; 
a= 4 * and tan ¢,— tan g2=w0 R,—wC3R;, (6b) 
~ tan ¢, and tan ¢, are equal to 1/wO,R, and 1/wC,R,, respec- 
tively, representing the tangents of phase-defect angles of C, and C;. 
If esa angles are small the tangents will be equal to the angles when 
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measured in radians, and they will also be equal to the power factors of 
the capacitors. An evaluation of the power-factor difference, 
(¢,—¢2) from the above equation requires an evaluation of the impy,. 
ties or phase angles of R; and Ay, since these effects are included ‘it ( 
and C,. It is possible to determine (¢,—¢:) independently of ¢h, 
phase angles of R; and R, by interchanging the connections to (, ay, 
C, with respect to R; and R,. This interchange is also important jp 
the elimination of the errors due to residual effects which result in gy 
imperfect balance, and will be discussed in the next section. 


(b) IMPERFECT BALANCE 


The discussion so far has been based on the assumption that the 
bridge is balanced by either bringing both V; and V, to zero potentia| 
or by making V3 exactly equal to V,. In high-precision work these 
conditions are seldom, if ever, realized. Stray coupling to the 
tector or amplifier, or inductive coupling with the leads between th 

t 


} 
L 


bridge and the detector or amplifier, may produce a deflection on the 
indicating instrument, even when no voltage is applied to the bridge. 
If such residual effects * are present a null indication by the detector 
when voitage is applied to the bridge will require an off-balance 
condition in the bridge to neutralize the deflections produced by the 
stray voltages. There is also a possibility that harmonics which may 
be present in the current from the source will combine in the amplifier 
to produce a fundamental which would in turn cause a deflection on 
a tuned indicator, even though the bridge were perfectly balanced 
for the fundamental frequency. This latter effect has been shown 
analytically by Goodhue [9] and experimentally by Ferguson and 
Bartlett [10] as well as during the course of this work. For this also 
a null indication would require an off-balance condition in the bridge 
for neutralization. 

The error due to stray coupling may be eliminated by the well- 
known method [11] of reversing the connections between the bridge 
and the source. It will be shown that the same effect can be obtained 
by reversing the connections to C; and C, and that this reversal has 
the additional advantage of removing the necessity of evaluating the 
phase angles of R; and R,. There is also some indication that tli 
reversal of C, and C, eliminates any small harmonic-modulatioi 
error, although this latter effect is more surely removed by proper 
filtering both in the input to the bridge and in the various stages of : 
detector amplifier. 

In order to determine the extent of the error produced by a residua 
deflection at balance, the bridge equations are written in a somewhat 
different form. An examination of the set of eq 4 shows that fourth- 
order determinants or their equivalents were encountered in obtain- 
ing relationships between the potentials of the bridge terminals and 
the bridge admittances. This was no great handicap in obtaining 
eq 5 from eq 4, because the equality V;=V, was invoked. However, 
when neither the equality V;=V,, V;=0, nor Vs=0 applies exactiy, 
it is easier to handle two sets of three equations than one set of four. 
Two sets of three equations are obtained by setting up one set for the 
approximate balance of each of the detector terminals to ground. 
The results obtained apply equally to either of the previously men- 


3 These were referred to as parasitic voltages by Dye and Jones [7]. 





Measurement of Power Factor 431 


Hor a methods of balancing the bridge; that is, when balancing each 

‘tor terminal separately to eround or the two terminals directly 
cainst each other. The set of equations from which the near- 
lance relationships for terminal 3 (fig. 2) can be derived are obtained 
by eliminating terminal 4 and all admittances terminating on it. 
The remé — admittances will all be modified by the elimin: ation of 
.rminal 4, and the amount of the modification can be determined 
an one Nor ne circuit transformation. The new set of equations 

aken directly from eq 4 by eliminating all terms containing V4, 
'V , Ys, Or Yoo and then modifying the remaining admittance 

The result of these eliminations 1s as follows: 


bal 


hv 
yy 


rp 
t 


Vis + Yios) — Vo(2 Yrs + Yo3+ Yoo3) + V3(Yo3 — 13) = S 
V2¥ 203+ Va¥ 0 
\ Ae = ee = 
The values of the modified admittance terms are defined as follows: 


oa 


=n 24 


FYot— Yu=Y; met a1 
Tae 


Y 23> Yee 


: ' Yi Ye ‘ . 
Yi03= Yiot yr = } 203 = } 20+ Yet 


a4 


Y. 
Yy3+—s 





La= Yat Yout+ Yoit Yao 


A similar set of equations may be obtained for the balance of terminal 
4, by replacing the subscripts 3 by 4 and 4 by 3 in eq 9 and 10. 

The relation between V3; and the bridge admittances is obtained 
from eq 9 by the elimination of V, and V,. The corresponding 
equation for V, may be obtained by the interchanging of subscripts. 
In writing these relationships it is convenient to define new admit- 
tance terms which are common to both equations. The equation 


involving V; is 


+ Y (Yi +- ¥ "23 Fat Ts ly 


and for V, is 


Yau Tut gt] 2¥ Y.(Yu 


cee +Y¥,)(¥ut+ Fut), (12) 
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where the new terms are defined as follows: 


Y,=Yiat=— 


Yi3+ Yo3-t 


Y,=Yx Ss > = “= =} 
TH+ ¥ut Yu 


and YV. Y 
Y; — a > ¥— roe 4 
b TF yt J ss 14 





Admittances Y,, Y,,and Y,represent the effective values between the 
terminals 1 and 2, 1 and 0, and 2 and 0, respectively, upon elimination 
of junctions 3 and 4 by transformations of the star-delta type. The 
identities indicate that the same values are necessarily obtained 
regardless of the order in which terminals 3 and 4 are eliminated 
Equation 14 gives.the admittance of the entire bridge. Equations 11 
and 12 can be combined to give 


2Y,(Y,+Y,) 
S) 


which can be shown to be equivalent to 
(Yos Yi —Yx¥i3][Vi oT V2] oa (Ve V3) (Vis T Ys) (Yut Yu) 
+ ViY 00 (Yis+ Yos) ai Vs¥ x0 (Yu a Yu }s 
In this form the equation may be readily reduced to eq 6 if V; and V, 
are zero or to a relation equivalent to eq 5if V;=V,4. If the equivalent 
ced 


admittance terms on the left-hand side of the equation are replace 
by their actual admittance values, as defined by eq 10, then eq lia 


may be written 
F te 
(Vi— V2) (1 ~ i) 
“3/4 


( Ys Yu-— Yo Ys) = 
+Vi¥o(Yist Yx3)—J "3 Y20 (Yu + Ya | (16 





[a ’.— V3) (Yi: + Y23) (Yu Yu 


This equation now contains on the left-hand side only the admit- 
tances of the bridge proper, and on the right-hand side terms showing 
the effect of differences of V; and V, from each other and from ground 
potential, In a perfectly balanced Wagner-grounded bridge the 
right-hand side would of course be zero, but in the general case the 
equation serves to indicate the influence on the bridge proper of finite 
values for these potential differences. The right-hand side of eq 16 
may then be considered as a correction term showing the error In- 
volved in assuming the left-hand side of the equation to be equal to 
zero. Approximations may now be made in this correction term and 
still allow an upper limit to be assigned to the effect of the residual 
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potential differences. One approximation is to neglect Y3,?/32,4 as 
com pared to unity. 

Thi s is justified because Y3, represents the small admittance across 
‘he detector terminals composed mainly of the capacitance and leakage 
Laturee n the grid and cathode of a vacuum tube, whereas 2,2, con- 
tains such relatively large admittances as R; and R, (fig. 1). For the 
same reason, the bs ured terms representing the equivalent admittance 

esa may be considered approximately equal to the unbarred terms 

resenting the actual values (see eq 10). It should be pointed out 
that this approximation is required only in the right-hand side, or 
correction term, of eq 16. This equation can be arranged in a form 
more suitable for estimating the effect of residual potentials by - ans- 
ferring the YosY3; term from the left- to the right-hand side of the 
equation and then dividing both sides by Yo4¥13. Doing this, and at the 
sume time making the approximations outlined above, eq 16 becomes 


< for el +2)(14+ 94) 
Fede) ei oB} 


In this form the correction term, when evaluated, gives directly the 
relative magnitude of the error produced by imperfect balance. Let- 
ting : 1, and Yo; represent the C, and C, branches of the bridge (fig. 1) 
and Yy, and Yo4 the (23, C3) and (Ay, C,) branches, estimates of the 
error may be made. The correction due to a definite difference for 
V,—V;) will be a minimum for a bridge symmetrical about the detector 
ot us (C.\20,). This correction is then four times the ratio of 
) to (V,— V2). The correction term due to the V, term alone 
Ble be much less than the V, to (V,—V,) ratio, because 
Y,, will normally be appreciably less than unity. However, 
referring now to the V3 correction term, the Y30/Y,3 ratio is apt to be 
near the order of unity, since both Yo and Yj; are largely capacitance 
terms making this corrective term roughly of the same order as the 
\,/(V,— V2) ratio. The effect of individual values for V3; and V, can, 
however, be neutralized by increasing Y,% in such a manner that 


Yao( Vist Yos) = Y0(Yis-+ You). (17a) 


This requirement is equivalent to that expressed by eq 8, since 
Vig Yu Vua¥ 23. 

In order to reduce the effect of all residual potential differences, 
C,and C; or Yj3 and Y23 are interchanged and the bridge readjusted to 
give the same values of V; and V,. This simply means that the bridge 
is balanced as before and that the residual effects are not affected by 
the interchange. If rebalance is obtained by varying Yj, Y,, and 
Yi) by small amounts a, 8, and y so that 


Yi3’= Yi3+ Qa; Vig’ = Yu t 8; and Yio’ = Yiot+7, 


the new suey for imperfect balance may be written 


“Uy eral rae) 


Vz 10 13° V3 ¥ 30 ("4 ) 
tye) ete} os 
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The potential difference (V;— V2)’ will be related to the previ 
potential difference according to the ratio 


(Vi—V2)/(Vi— V2)’ = ¥2’/Yo, 


where the primed terms represent the values upon reversal. Since thp 
correction terms are small, eq 17 and 18 may be combined to giye 


Vost'Yu ca 
Vis V3’ Yq’ 7 Y,(Vi-—I 
Y3\/ Yi 14 \y7 Y 13. “ \yy 
(a+) ty" )¥o- (143 ‘ale 


V. sla Yo3Vp ras ; 
THV—V; BE . vali v) 


Ue Vy ad x 
_ ioe (1 
Y, ( ae 7 - ty yf 19 
By substituting the ‘ici alan for Y43’, Yu’, and Yio’, this may | 
reduced approximately to 


we, V, jo). Wilo 
YuYn'Y. Hoy X : Te AP AAG 


7 _V3Y: 30 ; aY, 14 aY i a ae ‘. ' 
VV Pat Pao) 


From this equation it may be seen that the effect of a (Vi—V, 
residual has been materially reduced, since the (V3— V4) /(V,— V2) term 
is now multiplied by the small ratio of the sum of the admittance 
changes upon interchange to the total bridge admittance. Th 
reversal or interchange procedure permits a ‘high precision to be 
maintained with relatively large residual values for (V;—V,). For 
example, the (V;— V,) to (V;— V2) ratio may be as large as 1X10 
and if the admittance changes upon reversal are less than a thousandth 
of the total bridge admittance, the correction term will be less than 
1 part ina million. The V, residual has also been reduced by approxi- 
mately the same factor. The V3; term, however, may still be im 
portant because the reduction effected by the a/Y, multiplication has 
been offset by a further multiplication by Yy4/Yj3. Remembering that 
Y\, represents a resistance term and Y,; a capacitance term, it may be 
seen that this latter ratio might be quite large. The V3; term "e 
serves to define the upper limit of error which may be produced b 
the residual potential differences. If it can be shown that this ion 
is negligible, the others quite certainly will be negligible also. The 
effect of this term can be controlled mainly by Y3; hence it is good 
bridge technique to keep this admittance small. However, if an 
appreciable increase in Y%9 fails to affect the value of the left-hand sid 
of eq 20, one may be reasonably certain that residual effects are not 
influencing the bridge measurements. On the other hand, if this 
term is important it should be remembered that it can be neutralized 
by the V, term by the : adjustment of V4, as previously pointed out 
This would leave only the (V;— V,) term, which, it has been shown, i 

very small. It is now southie to write eq 20 in the form 


Veg Ya 


ae 
Ys¥13¥"1 
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and to determine the upper limit of any error involved in this simpli- 


ication. ; ; ; 
Returning now to fig. 1, and letting the losses in C; and C, be rep- 
resented by equivalent parallel resistances R, and R2, eq 20a becomes 
LY(; lai bE) = (soit pe Kies ry ool (21) 
| — wl3+s J=I{ 7H = wl jw 2 
R, dil TR, J 7 os R, 7G ip R, 


ruating the real and imaginary terms gives 


( gles — wl? to" : hey _ _(C4 C,’ )R, +C;’R3— w CC '/RPC;'R, 
Rk, Rk? 


ay" LC3RR3 1—0*OC,/R?—w (C4 C1") c. ite 
J) 2 ; ea yee = : R; 


23) 


The phase-defect angles or power factors of C; and C, will aga “ be 
represented by ¢; and ¢2. If ¢'<<1X10~°, ¢2<1X10~, and ¢,— 
;~107°, an error of less than 1 part in a ’ million will be ap Bf in 
simplifying eq 22 to 


C3 (2¢.—w0,R;) = C,C; (2¢,—wC;R;). (24) 
If, in addition, ¢,w03R3; and ¢.003;R3;<110-*, eq 23 may be written 
C=C.C;, (25) 

which, when combined with eq 24, gives 


2(¢2— 91) =wh;(C,—C). (26) 


ve 


The latter equation is the one used for determining power-factor 
lifferences, and it should be noted that it does not require evaluation 
of the phase angles of the ratio-arm resistors, but only the change in C; 
between the two balances. 

The assumption in the preceding analysis that detector terminal 
potentials V3; and V, are the same upon the reversal of C, and C, has 
not been established analytically for a residual effect due to harmonic 
modulation. Although, as will be explained later, precautions are 
taken to prevent the existence of such an effect, it has been found that 
when the harmonic content of the input voltage is increased sufficiently 
to alter the values of C3; and C,’ for the two null indications, the 
difference (C3;—(C;’) is unchanged. 


2. HIGH-VOLTAGE, OR REGULAR SCHERING BRIDGE 


When the power is applied to the bridge of figure 1 at the Cj, ¢ 
and Rs, Ry junctions, it is not always possible to bring the detector 
ierminals to ground potential by use of a Wagner- -grounding arm 
containing only resistance and capacitance. This may be seen 
from eq 7, which may be written in the form 


Y03/ Y13= (Yoo+ Y2)/ '(Yiot +-y1), 


and which represents the approximate condition for bringing a 
detector terminal (terminal 3, fig. 2) to ground potential. Admit- 
ances Yj; and Y2; represent, in the high-voltage form of the bridge. 
primarily a resistance term and a capacitance term, respectively, and 
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hence are considerably different in magnitude. 
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The left-hand iq, 


of the above equation will then consist mainly of a term of the form 


qa@CR. 


On the other hand, when y; and y are not negligible the righ; 


side of the above relation may have an appreciable “real component 


in addition to the imaginary component. 


Under such circumst 


ances 


the relation can be satisfied only by reduction of the real componen 


within the right-hand side of the equation. 


It can be shown th; at 


this will generally require an inductance in the ground arm whic! 


as previously mentioned, is not desirable. 


inductances in the bridge, Ogawa has suggested the insertion of ap 


impedance in the power line lead between 
bridge proper and the grounding arm. 


the bridge we will have a general network, 
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In order to avoid using 
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‘the C,, C; junction in the 


By making this addition to 


as shown in figure 3 (a 
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Figure 3.—High-voltage type Schering bridge with Wagner ground. 


General admittances shown in (a), specific a 


(The stray admittances are not indicated.) 


dmittances in (0). 


If terminal 5 is elimi- 


nated by an equivalent circuit transformation we will have a circuit 


of the same form as shown in figure 2 but 
have the following values 
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Astin) 


jisregard these changes for the following discussion. All the equa- 
ions previously developed will now apply if we substitute the above 


equivalent values in the equations. The balance relation, eq. 5, 
becomes 


rv y 3st V. 7 <> i ee LQ 
(Y13 Yas— Yur ¥35) = veer «0 Y3s— Ya0¥ ss), (28) 


and the approximate condition for V;=0, previously represented by 


eq i. 1S 
(Yioty1) Y35 Yos=[(Y 20’ + Y2) 25+ V0 Y 25] Vis. (29) 
If the actual admittances are as shown in figure 3 (b), the approxi- 
mate conditions for bringing terminal 3 to ground potential are 


w°C,'C, a 1 _ wv,’ (C, +C,) 
R, RRR, R; (30) 


C, CY , G44, 
RRy RR, + RR,’ (31) 


In obtaining the above equations, the effects of stray admittances 
were neglected and the source admittances were included in C;, C,, 
R., and R,, which was indicated by the priming of the terms. These 
equations serve to indicate the values of ground impedances required 
to obtain this balance. If the insulation resistance of the source is 
very high, and if C;2C,, the equations may be further simplified to 


C,’ _2C,’ 1 C, C,’ 39 
, a “ee ” 

With this type of bridge, which offers a low impedance to the 
detector, connection is best made to the detector or amplifier through a 
shielded transformer. Consequently the most desirable procedure in bal- 
ancing is to compare terminals 3 and 4 directly and balance only one of 
them against the ground terminal. Furthermore, it is not necessary to 
make the ground balance with high precision because, referring to eq 28, 
the admittance products on the right-hand side of the equation will be 
much smaller than those on the left-hand side; also the difference of 
the products may be small because of the symmetry of the terms. If, 
forexample, admittances Y; and Y\, are a thousand times larger than 
admittances Y39 and Yo, the potential of the detector terminals can 
be as much as a thousandth part of the potential drop across Yj; or 
Y,, and still the simple balance relation Yj; ¥4;= Yi4¥3; will apply with 
an error of less than 1 part in a million. 

The equations for imperfect balance developed for the low-voltage 
bridge can be made applicable to the high-voltage form by substituting 
the values of eq 27 in eq 17. Reversal is then obtained by interchang- 
ing Y;;and Y4s5 and readjusting Y4;, Yi4, and Y1) by amounts 4, e, and ¢. 
The final equation is 





: Yas Yu 7 (Vs—Vs) (5¥ os ) 
rrvte tev ste 





V, Yu eV io eYi3 ) V; V3 , ane 
+ fat sa Ser core (e+e) 2 
WWM: A Yu Yu) Wie Vay PoYatt) 8) 


94848—38—_5 





438 Journal of Research of the National Bureau of Standards 


It can be seen from this equation that the effect of small values {,, , 
V; and V, will be less for this form of bridge than the other. [Upg, ; 
substituting specific values in the left-hand side of the equation ;; 
becomes identical to the relation obtained for the conjugate form , Mi. 
the bridge, so the same balance equations will apply when resid») 
effects are negligible. _ 
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SOURCE 
Figure 4.—Circuit diagram of the bridge, showing switches for changing from a high- 
voltage to a low-voltage bridge. 
The detector terminals for the low-voltage bridges arelabeled 732 and Tiaz and for the high-voltage bridge 


T:a, Tan and Tin, Tiet. Commutator S; interchanges C; and Cs in the low-voltage bridge and in th ) 
high-voltage bridge the interchange is accomplished by switch S3. 


III. DESCRIPTION OF THE BRIDGE 


The general arrangement of the component parts of the bridge is 
shown in figure 4. Also shown are the switches for obtaining the 
low-voltage or high-voltage form of the bridge as well as the reversing 
switches for the elimination of residual effects. Shielding require- 
ments necessitate a fixed orientation of the bridge impedances with 
respect to the source and detector, so that the change from one bridge 
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form to another cannot be obtained by a simple 90° rotation of the 
bridge assembly, as one might suppose from the discussion of figure 1. 
Capacitors C, and C, are of the three-electrode type with all the insu- 
ation at the grounded electrode, so that the leakage resistance is in 
parallel with A; and fF, and does not influence the bridge proper. 
These capacitors will be described in detail later. Not shown is a 
small vernier guard-ring capacitor in parallel with C,;, which permits 
adjustment of the total capacitance to a few parts in 10 million. 

Resistors with a Curtis-type winding [12] to give a small phase 
ngle are used for Rs and Ry. They are arranged to plug into jacks 
‘o facilitate their replacement. For observations at 60 c/s, 10,000-ohm 
resistors are used, but at 200 and 1,000 c/s these were replaced by 
1,000-ohm coils. &,is shown in its position in the low-voltage bridge. 
Its position in the high-voltage bridge is indicated by Ryy. Capacitors 
_and ©, are two-electrode air capacitors with Isolantite insulation. 
‘apacitor C, is variable between 50 and 1,500 pyuf. Capacitor C;, 
on which the power-factor differences are measured (eq 26), has two 
ranges, one from 25 to 100 uyf and one from 50 to 1,100 yyuf. The 
smaller range scale is so graduated that changes of a hundredth of a 
micromicrofarad are readable. Thus, at a frequency of 60 c/s and 
with resistors of 10* ohms in the bridge, power factors of less than 1077 
could be observed if the stability and sensitivity of the rest of the 
bridge warranted. It is essential that the capacitances of C; and (C, 
as well as the phase angles of R; and R, be as small as possible, con- 
sistent with the magnitude of the power factors under observation in 
order to justify the approximation made in the section on bridge 
theory that 


| 
( 
( 


$,00,R3<1 mK 107°. 


In the ground arm, R, is a fixed resistor of 10,000 ohms, and R;is a 
variable six-dial 10,000-ohm shielded resistance box. In series with 
t for small adjustments of hundredths of an ohm or less is a mercury 
slide-wire resistor [13]. Capacitors C; and QC, are similar to C,. For 
the high-voltage form of the bridge a variable decade mica capacitor 
with a total capacitance of luf is required in addition to the air 
capacitor in C;. 

The input transformer, 7, has a 1:1 ratio with a shield between the 
windings. A variable-ratio transformer is used between the input 
transformer and the source for adjustment of the input voltage. 
When using high voltage on the bridge a step-up transformer is 1n- 
serted between the shielded transformer and the bridge. 

The detector terminals for the low-voltage bridge are labeled 73, 
and 7,,,. For the high-voltage bridge the two 7%, points are con- 
nected together for one detector terminal and the 74, and Ty, 
terminals form the other detector connection. The last two pairs of 
terminals are permanently connected together, but the joining lines 
are omitted from the figure to avoid the confusion due to extra lines. 

In the low-voltage form of the bridge, switch S, is in the upward 
position joining C, and C;, to the detector terminal 7;,. Commutator 
S; 1s for interchanging C, and C,; the connecting bars are vertical for 
the direct connection and horizontal for reversal. Switches S,, Ss, 
S;, and S; are on the L terminals. 

In the high-voltage bridge, S; is in the down position and S; reverses 
the capacitor connections. In S;, a resistor, R;, of about 1 megohm 
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is inserted as indicated and the other switches are put on the J ter. 
minals. Both S; and R; are enclosed in a grounded shield. 

The switch, S;, may be used for reversing the input connections 
but since this procedure accomplishes nothing that is not gained jy 
the reversal of the capacitor connections, it is not essential. , 

In addition to the shielding shown on the various bridge admit. 
tances, the entire bridge beyond switch S; is enclosed in a bronze-wire 
cage large enough to include an operator. The cage eliminates the 
necessity of ground shields around C; and C, as well as around the 
detector terminals and switches, thus keeping the Y) term (eq 20 
from becoming too large. It is, however, essential that the detector 
terminals be placed on grounded plates to eliminate any possible 
leakage paths between them and the power lines. For example, 
before this was done a leakage path existed (in the low-voltage form 
of the bridge) across the insulation of the Ry, gap to 7'sg and across 
the insulation (a table top) between 73y and 7%,. This increased 
the apparent power factor of C, or C,, depending on the connection 
in S;. This error would normally be eliminated by the reversal pro- 
cedure, but the nature of the leakage was so erratic that a precise 
power-factor balance was not always possible. Placing the switches 
on a grounded guard plate eliminated the difficulty. It is also essen- 
tial that no part of the power leads be exposed to the C, or C, detector 
terminals, especially if there is insulation in the exposed field. The 
effect of such an exposure is to add a small capacitance having a very 
large power factor in parallel with either C,; or C,. This of course 
means that such switches as S,, S,, and S; as well as S; should be 
completely shielded. 

A photograph of the complete bridge and detector layout is shown 
in figure 5. The arrangement was not intended to be compact but 
rather to provide space for flexibility in the choice of bridge parts, 
especially in permitting capacitors of various sizes and shapes to be 
connected in parallel with C; and C. 


IV. THE DETECTOR CIRCUITS 


Vibration galvanometers were used as the ultimate detectors at 
the frequencies at which the bridge was most frequently used, namely, 
60, 200, and 1,000 cycles. For different frequencies in the same range 
a cathode-ray oscillograph was used. For much higher frequencies 
the heterodyne method of detection used by Dye and Jones [7] is 
recommended. In all cases amplification of the signal from the 
bridge is essential. The amplifier which was used for the frequencies 
in the commercial- and audio-frequency range is shown in figure 6, 
and the various modes of connecting the amplifier to the bridge are 
indicated in figure 7. 

The amplifier was a conventional three-stage resistance-capacitance 
coupled type with two filter units, F, and F, which are adjusted for 
the frequency applied to the bridge. The filter, ¥,, includes the coup- 
ling capacitor between the second and third stages. It was found 
neither necessary nor advisable to place the tuning units in the 
earlier stages of the amplifier. The harmonic modulation error, which 
the tuning units help to reduce, increases as a power greater than one 
of the signal strength and would therefore be produced largely in the 
last stage. The filter unit, F,, tends to allow only the fundamental 
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FigurRE 6.—Circuit diagram of the amplifier and vibration galvanometer which 
comprise the bridge detector. 
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FiaurE 7.— Methods of connecting the bridge to the detector. 


rerminal designations correspond to figures 4 and 6. The low-voltage bridge connections are shown in (a), 
vhere Sy permits selection of the terminal to be balanced and Sjo and Si; permit selection of the balance 
wedure. With Sjo and Si; upward the amplifier is grounded and the bridge terminals are balanced 
‘parately to ground. In their downward positions the amplifier is ungrounded and the bridge terminals 
ire compared directly. Stray admittance effects are neutralized by Rs. The high-voltage bridge connec- 
sare shownin (6). Theswitch, Sj, permits balance of the bridge proper or of the ground admittances. 
ilternate method for the low-voltage bridge of balancing the terminals separately against ground is 
ndicated in (¢). 
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to enter the last stage of amplification, and with the filter at this point 
no trouble was experienced from modulation error with the voltgop 
wave forms available. It was found that when the tuning unit y,. 
placed in the first or second stages of the amplifier the residual deflec. 
tion due to stray coupling to the inductance of the filter becamp 
objectionable. 

The shield of the amplifier was connected to the terminal B 4, 
shown. It could be either grounded or not, depending on the metho¢ 
of bridge balance being employed. By having the amplifier in the 
crounded cage no additional shielding around it was necessary for ys; 
in the ungrounded state. In the conjugate or low-voltage form of thy 
bridge the amplifier served as an approximate impedance matching: 
device since the input impedance of a vacuum tube is a closer mate), 
to that of the bridge impedance between the 73, and 7, terminals 
than the impedance of a vibration galvanometer would be. Ty 
methods of connecting the amplifier to the low-voltage bridge are 
shown in figure 7 (a). With switches Sj) and S,; in the upward posi- 
tion the amplifier was grounded and the bridge was balanced }y 
adjusting the potentials of terminals 73, and 74, separately to ground 
Selection of the terminal was made by switch Sy. The procedure of 
balance was, referring to figure 4, to first adjust 74, by varying RP; and 
C;, then 73, by C, and C;, next 74, again, but this time by C; and R 
The latter two processes were then repeated until a null indication was 
obtained successively for each terminal with no further adjustment of 
the admittances. Resistor R, across the input terminals of the amplifier 
permitted reduction of the signal when the bridge was far off balance. 
It was arranged for open circuit for the final adjustments. 

For comparing the difference of potentials of 73, and 7, directly, 
switches S;, and S;, were set for the down position ungrounding the 
amplifier and connecting its shield directly to 74,. In addition, a 
variable resistor, 2,, was connected between terminal 7, and ground. 
The purpose of this resistor was to satisfy approximately the relation 
of eq 8 or its equivalent eq 17a. Full compliance with this relation 
would of course require a phase-angle adjustment also, but such 
precision in this balance has not been found necessary. In general, a 
three-decade resistor for R, provides a sufficiently close adjustment of 
relation 17a that the bridge proper may be balanced to a part in a 
million with the ground arm balanced to only a part in 10 thousand. 
The procedure for adjusting R, was to connect the switches in figure 
7 (a) the same as for the direct comparison of 73, and 7%, then to dis- 
connect one of the leads between transformer 7’, in figure 4 and the 
bridge and also ground the disconnected transformer terminal. [, 
was then adjusted for minimum deflection. Upon reconnecting the 
transformer to the bridge, everything was ready for the direct com- 
parison of the- potentials of 73, and 74, With switch S, in the 
upward position the bridge proper was balanced, and in the lower 
position the ground arm was balanced. An alternate procedure was 
to put S, in the upward position, Sj) in the downward position, and 
balance the bridge proper with S,, down and the ground arm with 
Si, up. 

The question arose during the course of this work as to the possible 
effect of the input amplifier impedance upon the balance when the 
balance was not perfect and when terminals 73, and 7, were balanced 
individually to ground. The transferring of the amplifier connection 
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from one terminal to the other for each balance adjustment added and 
zbtracted the input admittance of the amplifier successively to Y3 
and Yw» and prevented a true simultaneity of the values in the equa- 
tions for the two balances. Of course, if the amplifier admittance 
was sufficiently small the effect would be negligible. In order to 
check this point the input stage of the amplifier was arranged as 
shown in figure 7 (c). Here admittances Y3) and VY were the same 
for each balance and the selection of the terminal to be balanced 
was made by the switch as shown between the first and second 
staves of the amplifier. Identical results were obtained by each 
method so the single-tube procedure was considered sufficiently 
accurate. 

In the high-voltage form of the bridge a low impedance is presented 
to the amplifier, so that an efficient transfer of signal strength requires 
a step-up transformer preferably with a shield between the primary 
and secondary windings. The method of connection and balance 
procedure is indicated in figure 7 (b). Bridge terminals 73, and 7';, are 
balanced directly, and the switch S,. permits connecting one of the 
terminals for the ground balance. The use of the transformer permits 
crounding the amplifier. Here it is not necessary to adjust Y3. or 
VY, because these admittances will normally be much smaller than 
y,, and Y\4, making this form of the bridge automatically much more 
independent of the ground balance. If a further increase of the 
independence of ground balance is desired, a variable capacitance 
between either terminal 7;, or 7, and ground is indicated. The 
amount of amplification required with the high-voltage bridge will 
generally be less than for the low-voltage form, so that one stage of 
amplification may be dropped. This, in turn, will permit the use of a 
tuned unit in the input stage as shown. This is in general desirable 
because the wave form of the high voltage supplied to the bridge is 
apt to contain more harmonics than a low voltage. 


V. THE LOW-LOSS CAPACITORS 


As pointed out previously, it is highly desirable to make all balance 
adjustments in the bridge proper by varying capacitors only. The 
conventional variable capacitors were all of the two-electrode type 
and the use of such capacitors for C,; and C, would mean the introduc- 
tion of solid insulation in the low-loss measuring circuit of the bridge. 
Tests soon showed that such capacitors were unsatisfactory for power- 
factor measurements to 1X107°. In figure 8 is shown the variation, 
with scale setting and time, of the power-factor difference of two con- 
ventional two-electrode capacitors. The points indicate a series of 
observations covering about 2 hours’ time, for decreasing and then 
increasing capacitance. The discrepancy between the two curves is 
due to the variation of the effective difference in leakage resistance of 
the two capacitors during the time interval between the two sets of 
measurements. The vertical line at the 1,350 yuf setting indicates 
the range of values observed for this setting of the capacitors during a 
2-day period. The dashed line indicates a computed power-factor 
difference due to fixed parallel resistances. 

_In view of such unsatisfactory power-factor stability with conven- 
tional variable capacitors, it was considered essential to build a 
variable capacitor with no solid insulation between the measuring 
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electrodes. Such a condenser is illustrated in figure 9. It is of the 
common rotating-electrode type but with a third electrode, 10, intro. 
duced, which prevents a leakage path through solid insulation betwee 
the rotor system, 4, and the stator system, 12. This third electrode 
is grounded together with the outer case, 1. The capacitor wag 
built with due consideration for mechanical stability in order that j; 
might serve also as a reasonably precise variable standard of capaci. 
tance. The minimum and maximum capacitances are 86 and 1.949 
pul, respectively, and the range over which the capacitance variatioy 
with scale setting is linear is about 1,500 uuf. Scale 8 is a theodolite 
circle and is read on a vernier, 9. Angular changes of 10 seconds 
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Figure 8.—Power-factor differences of two air capacitors with Isolantite insulation. 








The dashed line indicates computed power factors due to assumed parallel resistances. The differences 
between the two solid-line curves show variations with time. The solid vertical line at 1,350 yuf shows the 
range of power-factor values observed during a 2-day period. 


corresponding to capacitance changes of about 0.03 yuf may be read. 
The electrodes are of 1-mm brass, nickel-plated. They are so spaced 
that when the rotor and stator are interleaved there is an electrode 
separation of about 3 mm. This spacing is about three times that 
found in most commercial two-electrode rotating-plate capacitors. 
The electrode spacing was increased to reduce the effect of dust accu- 
mulation and electrode surface films upon the phase defect angle of 
the capacitor and incidentally to permit its use at higher voltages. 
When placed in the bridge, the rotor was connected to the detector 
terminal, thus bringing it approximately to the potential of the 
grounded case at balance and the stator was connected to the power- 
line terminal. A better design might have been to decrease the 
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Figure 9.—Plan and section of the three-terminal variable capacitor. 




















The case, 1, serves as a grounded shield for the capacitor and supports the ribbed plate, 2, by three small 
quartz balls, 3, arranged in a hole-slot-plane system. The plate, 2, supports the rotor shaft, 4, by means 
of the steel ball bearing, 5. Three uprights, 6, support a top plate, 7, which carries a steel ball bearing pro- 
viding an upper support for the rotor shaft. The top plate also carries the vernier index, 9, used in con - 
junction with the theodolite circle, 8, attached to the rotor shaft. A grounded-guard electrode, 16, rests on 
three quartz balls supported by plate, 2, and arranged in a hole-slot system. This guard electrode supports 
the three uprights, 11, of the stator system, 12, by quartz balls in a hole-slot-plane system. The lead wire, 
13, permits connection to the stator system, and 14 is the grounding lead to the guard electrode. The 
connection to the rotor system is made through a binding post (not shown) on the top plate, 7. Coarse 
adjustments of the rotor are made by the handle, 15, and fine adjustments by the action of a screw, 16, on 
4 lever arm, 17, which is held against the screw by aspring. Another screw, 18, permits clamping or un- 
clamping the lever arm to or from the rotor shaft. 
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Fiaure 10.—Plan and section of Gardiner’s guard-ring, vacuum capacitor. 
g g Pp 


The measuring electrodes are completely enclosed by the air-tight grounded case 1. The high-voltage elec- 
trode, 2, rests in the bottom of the case on three quartz balls (although pins are indicated in figure) ar- 
ranged in a hole-slot-plane system. The low-voltage electrode, 3, is supported by quartz balls on the 
guard electrode, 4, which in turn is carried by the plate, 5. The vertical position of the 3, 4, and 5 assembly 
relative to the outer case and lower electrode is controlled by three micrometer screws, 6. A metal cone, /, 
makes a vacuum fit in a cylindrical projection, 8, of the grounded outer case and permits turning of the 
micrometer screw without the breaking of the vacuum seal. The position of the micrometer may be read 
through the glass window, 9. A glass tube carrying a tungsten-glass seal, 10, permits electrical connection 
to be made to the low-voltage measuring electrode. The inner surface of the glass tube is ground to it 
tightly on a metallic projection in the top of the case. A metal tube surrounds the glass tube to provide 
proper shielding for the electrode lead. Connection to the high-potential electrode is made at 11 in the 
same manner. Similar ground-glass inlet tubes, 12, provide means for filling or emptying the interior 
of the capacitor. The case and electrodes of the capacitor are made of Tobin bronze. 
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jiameter of the top plate, which is part of the rotor system and to 
extend the grounded case above and over it to provide more thorough 
shielding. However, with the top plate connected to the detector 
»rminal the major objection to its present form is the capacitative 
influence of stray fields on the residual deflection. Since it has been 
ysed only in the bridge in the grounded cage previously mentioned, 
this feature has not proved to be a handicap. 

The guard-ring capacitor shown in figure 10‘ has been used as 
another type of low-loss capacitor. This capacitor is suitable as a 
est cell for liquid dielectrics and also for gases since it was built for 
vacuum work. Because of a continuously variable electrode separa- 
tion, capacitance values from 10 to several thousand microfarads are 
obtainable. 

Also available as an auxiliary low-loss capacitor of fixed value was 
the cylindrical guard-ring capacitor used by Rosa and Dorsey in their 
work on the ratio of the electrical units [14]. This capacitor has a 
capacitance of about 150 wuf and an electrode separation of about 
iem. The electrodes surfaces are silver-plated. 


VI. DETERMINATION OF TRUE POWER-FACTOR VALUES 


When any two of the three capacitors just described were placed 
in the bridge in the C, and C, positions it was found that their power- 
factor difference was not zero. It was furthermore found that the 
power-factor difference of the two variable capacitors changed with 
scale setting. The nature of the variation was such as to indicate 
either that the power factor of the rotating-electrode capacitor 
decreased with increasing capacitance or that the power factor of the 
guard-ring capacitor of variable electrode separation increased with 
increasing capacitance. It thus became apparent that in order to 
secure a satisfactory standard for power factor it was necessary to 
frst determine the rate of variation of power factor with capacitance 
fora single capacitor. Then, if a sufficiently simple law of variation 
be observed it may become possible to extrapolate for the true values. 

The variation of power factor with capacitance may be determined 
as follows: Let $s; be the phase-defect angle or power factor of the 
capacitor under investigation at a particular scale setting. Let $4; 
and ¢,; be the power factors of two other capacitors having the same 
capacitance as the first at the setting corresponding to ¢,,. Then the 
power factor differences ¢s—¢a=M, and ¢$3:—¢=M, may be 
measured in the bridge. The two auxiliary capacitors are then 
connected in parallel, and it is a simple matter to show that the 
power factor of the combination will be the arithmetical mean of 
their individual values. The test capacitor is then varied to match 
the capacitance of the auxiliaries and the power factor difference 
b2—(b41+21)/2=M;, measured. Here ¢,. is the power factor of the 
test capacitor at its new setting. This equation can be combined with 
the two previous ones to give 


—M;, (34) 


M,+M, 
2 


¢$s1— $2 = 


‘This capacitor was designed by and built under the direction of G. W. Gardiner, Jr. while he was at 
the National Bureau of Standards as a research associate representing the Utilities Research Commission 
olilinois. It was intended primarily for studying ionic mobilities in very highly insulating liquid hydro- 
carbons from direct-current conduction measurements. 
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which represents the change in power factor of the test Capacitor 
between the two scale settings. If the auxiliary capacitors “a 
adjustable over a wide enough capacitance range the variations jy 
the test capacitor can be determined over its entire scale. Such q 
calibration for the rotating-plate capacitor of figure 9 is shown jy 
figure 11 for two frequencies of measurement, namely, 60 and 1,000 
c/s. The zero point for the power-factor scale is of course entirely 
arbitrary, changes only being significant. It will be noted that the 
decrease of power factor with capacitance and frequency as well as 
the decrease of the rate of power factor change with capacitance are 
somewhat similar to the effect of a resistor in parallel with the ¢ca- 
pacitor. Used as auxiliary capacitors in this calibration were the 
guard-ring capacitor shown in figure 10 and a commercial two- 
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Figure 11.—Change in power factor with scale setting of the three-terminal variabl: 
capacitor of figure 9. 


electrode capacitor with quartz insulation. When used in a reason- 
ably dry atmosphere this latter capacitor had appreciably greater 
stability than those whose stability is illustrated in figure 8. 

A similar power-factor calibration of the variable guard-ring capac- 
itor could be made, but it was found more convenient to compare it 
directly with the rotating-plate capacitor, using its calibration curve 
shown in figure 11. This procedure requires (a) the selection of some 
point on the curve of figure 11 as a reference position and (b) the 
determination of differences of the power factors of the guard-ring 
capacitor at various scale settings with respect to this point. A plot 
of the power-factor variations of this instrument at frequencies o/ 
60, 200, and 1,000 c/s is shown in figure 12. The zero point for the 
ordinate scale is taken as the power factor of the rotating-electrode 
capacitor at 150 yyf. The observed points lie very closely on 2 
straight line, indicating a linear variation of power factor with capac- 
itance, such as one might obtain with a fixed series resistor. 

In order to establish definitely the linear variation of the power 
factor of a guard-ring capacitor with capacitance or inverse electrode 
separation, it is essential to show that the effect is independent of the 
gradient. This is especially important inasmuch as Balsbaugh [3] has 
also observed the power-factor increase of a guard-ring capacitor 
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with decreasing electrode separation but attributed the effect to the 
changing electrical gradient. A large number of tests made during 
the course of this work have shown that the power-factor differences 
of air capacitors are independent of the voltages applied to the capac- 
itors. In figure 13 are shown the observed power-facior differences 
of the three-terminal rotating-electrode capacitor and a fixed guard- 
ring capacitor over a wide range of voltages. Both the low- and high- 
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Figure 12.—Variation in power factor with capacitance of the guard-ring capacitor, 
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Power factor of the rotating-electrode capacitor at 150 uyf is used as a reference. 


voltage bridges were used to cover the voltage range indicated. No 
change in the measured values was observed between 10 volts and 
over 1,000 volts. At about 1,500 volts the gradient at the edges of 
the electrodes in the rotating-electrode capacitor became sufficient for 
corona formation and from this point the variation with voltage is 
rapid. It is evident from this curve that the power factor, below 
the corona point, is independent of the gradient, so that a power- 
factor increase, such as is shown in figure 12, must be a true function 
of the electrode separation. 
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Since the power factor of the guard-ring capacitor is a function of 
the electrode separation, it is reasonable to ascribe the losses to , 
surface effect. Definite proof that the power factor is a function of 
some surface phenomenon has been obtained by changing the nature 
of the surface, either by cleaning, polishing, or actually changing the 
electrode material. 

An extensive survey of the effect of various types of electrode syp. 
faces on power factor has been made, and it is planned to publish these 
results in another paper. Here it is only essential to point out tha; 
losses in a guard-ring capacitor which are due to a surface layer cay 

















@ 
O 





LJ 
O 
= 
LJ 
ie 
LiJ 
Le 
Le 
OQ 
id 
oe) 
"ee 
UO 
is 
a 
uJ 
S 
O 
oO 


iN 
oO 





























0 em gue" 
e) 500 lO0O0 1500 2000 
R.MS. VOLTS 
Figure 13.—Power-factor difference of rotating-electrode capacitor and guard-ring 
capacitor as a function of applied voltage. 


The values below 500 volts were obtained with the low-voltage bridge and those above on the high-voltage 
bridge. The curvature above 1,500 volts is due to corona at the edges of the electrodes of the rotating 
electrode capacitor. 


be represented, at a given frequency, by a resistance in series with the 
capacitor. Power factor due to such a cause will be linear with 
capacitance, and if a surface layer is the only cause of power loss, the 
losses will be proportional to the capacitance, thus permitting extra- 
polation to zero loss at zero capacitance. Applying this procedure 
to the data shown in figure 12, the intersections of the straight lines 
with the ordinate axis serve to define the true or absolute values of 
the power factors of the selected reference point at the frequencies 
indicated. Likewise, this intercept, when used as the zero point for 
the ordinate scale, will give actual power-factor values for the guard- 
ring capacitor. However, before this method of determining actual 
power factors can be considered reliable it is necessary to show that 
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‘here is no source of power loss in a guard-ring capacitor other than 
‘hat which is proportional to the capacitance. A possible constant 
<ource would be the gas between the electrodes, but evacuation of this 
zas has shown its effect to be negligible. This is consistent with the 
computation of Kouwenhoven [1] that the conductivity of normally 
ionized air would give a power factor less than 1X10~* at 60 cycles. 

Other possible constant effects might be functions of the electrode 
area or the electrode material. Accordingly, four simple guard 
capacitors having areas different from that of the variable guard-ring 
capacitor were constructed of various electrode materials. Their 
electrode spacing was adjusted by means of small glass spacers 
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Figure 14.—Variation in power factor with capacitance of guard-ring capacitors 
with various electrode materials. 


Power factor of rotating-electrode capacitor at 150 wuf used as a reference. 


between the guard electrode and the high-potential electrode and 
their power factors at different spacings compared with those of the 
rotating electrode capacitor. The results of these observations at 60 
cycles are illustrated in figure 14, where the values for the new capaci- 
tors are represented by A, C, D, and E, and B represents the set of 
points from figure 12 for the variable guard-ring capacitor at this 
frequency. The common intercept on the vertical axis indicates that 
the same value for the power factor of the variable standard at its 
selected reference point is obtained by comparison with each of five 
different guard-ring capacitors. Similar curves, with common inter- 
cepts, have also been obtained at 200 and 1,000 cycles. This agree- 
iment, together with the independence of energy losses on gas pressure, 
indicates that the power factor of a guard-ring capacitor is truly pro- 
portional to its capacitance. Consequently, a determination of the 
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rate of power-factor change with capacitance and an extrapolation 
zero capacitance provides a method for determining the true Dower 
factor of a guard-ring capacitor. 

It should be pointed out that the type of power-factor variation 
shown in figure 11 is believed to result from losses produced by 4 
nonhomogeneous field. In the rotating-electrode capacitor there js 
an appreciable nonuniform field at the edges of the electrodes, and the 
relative effect of this nonuniformity decreases as the electrodes ar 
interleaved. Consequently, if the observed losses are a function of 
the nonhomogeneous field, they will decrease with increasing capaci. 
tance. Such an effect would not be observed in a guard-ring capacitor 
in which the field is quite uniform. 

Using the value found in figures 12 and 14 for the power factor of 
the rotating-electrode capacitor at its selected reference point, it js 
possible to ascribe true values to the ordinate scale of figure 11. The 
adjusted curve then becomes a true power-factor calibration for this 
capacitor. Using these values, it was found that the power factor 
of the cylindrical guard-ring capacitor referred to above had a power 
factor of less than 1X10~® over the frequency range 60 to 1,000 ¢/s, 
This then can be referred to, for a precision of at least 1 10-*, as 
having a zero power factor. 

It was found that the power factor of the rotating-electrode standard 
varied somewhat with atmospheric conditions, being larger when the 
room humidity was high, but that the ratio of the values at different 
scale settings was approximately constant. It was also found that 
the power factor of the cylindrical capacitor was zero under all 
weather conditions encountered in the laboratory. It was accordingly 


possible to use the latter as a fixed standard and with it to determine 
a point on the curve for the rotating-electrode capacitor. Since the 
ratio of the various values was constant, one point was sufficient to 
determine its complete power-factor—capacitance curve at any given 
time. 


VII. PERFORMANCE OF THE BRIDGE 


The over-all power-factor sensitivity with the low-voltage form of 
the bridge was such that power-factor changes of less than 5107’ 
could be detected at 60, 200, and 1,000 cycles and with 40 volts applied 
to the bridge. Higher voltages resulted. in no greatly increased 
sensitivity because of the instability produced in the ratio arm resistors 
with the greater heating effects. With the high-voltage bridge and 
1,000 volts applied, a similar sensitivity was observed. 

Although it is relatively simple to establish the sensitivity of the 
bridge, the degree of accuracy can be determined only by inference. 
If it is possible to obtain the same result, when factors likely to produce 
systematic errors are varied, then the accuracy is probably the same 
as the sensitivity. The data of figure 13, in which the values below 
500 volts were obtained in the low-voltage bridge and those above in 
the high-voltage bridge, show a power-factor agreement to better 
than 510-7 between the two forms of the bridge. These data were 
taken at 60 c/s. Consistent results have also been obtained under 4 
range of adjustments within the low-voltage form of the bridge. In 
table 1 are listed power-factor differences between the three-terminal 
rotating-electrode capacitor and the cylindrical guard-ring capacitor 
obtained with different ratio resistors, different balance procedures, 
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various ground impedances, and changing wave form. As pointed 
out before, the power factor of the cylindrical capacitor was found to 
be zero, so that the differences give directly the value for the rotating- 
electrode standard. Since the phase-defect angle of this capacitor 
was a function of humidity, a gentle stream of dry air was blown 
through the capacitor (at the guard-plate lead inlet 14 in fig. 9) in 
order to keep the relative humidity at a constant value throughout 
the tests summarized in the table. The data listed under “indirect 
balance’ were obtained by balancing to ground each detector terminal 
of the bridge proper. The data under ‘direct balance”’ refer to direct 
balance of the bridge proper with the V9 and Y4 admittances also 
balanced. The actual C; and (;’ values are listed to show that 
residuals may affect the separate balances of the bridge but not the 
differences obtained through the reversal procedure. Upon changing 
the balance procedure, the actual balance values were appreciably 
affected only at 60 cycles. This is to be expected because of the 
possible difference in the inductive effect in the detector leads in the 
presence of a large 60-cycle stray field. The result, however, changes 
inno case bymore than 3107’. Also shown are the effects of increas- 
ing admittance Y3) by adding capacitance between the detector 
terminal and ground and of adding a harmonic component in the 
voltage applied to the bridge. Here also the result is not definitely 
affected. 

TaBLE 1.—Power-factor (phase-defect angle) values obtained in variable low-voltage 

bridge 
2(¢1—¢3) =w R3(C3— Cs’) 


¢;=phase-defect angle in microradians of the three-terminal, rotating-electrode capacitor. 
o;=0, representing the cylindrical guard-ring capacitor. 
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' 2,500 uuf added between high-impedance detector terminal and ground. 
} About 2-percent second harmonic introduced in applied voltage. 


It is possible to provide a further check on the accuracy of the 
bridge by comparing the measured increase of the power factor of a 
capacitor when a resistor is placed in series with it, with the computed 
increase in power factor. The computed increase requires an evalua- 
tion of earth-capacitance effects which were not considered in the 
section on bridge theory. That this is necessary may be seen by 
referring to figure 15, which shows a resistor, r;, in series with a capac- 
itor, Ay. Quantities A, and r,; represent impurities in 7; and Ky, 


94848-—-38-———_6 
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respectively. There will also be present leakage and capacitance {, 
ground from the junction 2 of r; and K>. The increase in the Power 
factor of K, due to r; may be measured in the bridge by connecting 

the terminals 1 and 3 to two of the bridge terminals. Since ground 

admittances from the bridge terminals only were considered in the 
bridge theory, it will be necessary to eliminate terminal 2 by trans. 
forming the star-shaped network of figure 15 into its equivalent de Ita- 
shaped network. The result of this transformation will be to give 
an effective admittance between terminals 1 and 3, which is modified 
by ground admittances K,and7;. If Cand R represent the equiv alent 
parallel capacitance and resistance between terminals 1 and 3, they 
wm be related to the actual values, upon the elimination of termina! 


2, as follows: 
' (< ee 1 +joK, ) 
n_[k, ptieC= 
_iK R ote +o (1 je(K- + K+ K) 











If K, and Kg are of the same order of 
rd magnitude as, or smaller than K,, and if, 
in addition r, is sufficiently small that 
Mn<ro, 1<r3, and 1>>w°*r,’K., the above 
equation may be greatly simplified. Mak- 
ing the indicated approximations it is 
found that 











3 


Figure 15.—Arrangement of 
admittances after introducing 
a resistor in series with a 
capacitor. 


1 _ Se 
C= =K, and —>- om or, K, tor Bat Bo). (35 


The last equation gives the equivalent 
power factor between terminals 1 and 3 
and is the value which will be measured by the bridge. It is 
composed of two terms, the first representing the normal power factor 
of A, and the second the i increase due to the addition of 7; in the cir- 
cuit. The presence of K, in the equation serves to illustrate a point 
mentioned in the first part of this paper, namely, that ground admit- 
tances must be evaluated when a capacitor and resistor are connected 
in seriesin any bridgearm. In this case K3, the capacitance to ground, 
can be evaluated when r, is inserted between the power terminal and 
the rotating-electrode capacitor by taking the difference between the 
capacitance, first, when connected as a two-electrode instrument 
(1, 2, and 10 connected together, fig. 9) and then as a three-electrode 
capacitor. 

The power-factor changes observed by inserting series resistors 
are listed in table 2, together with the values computed by the above 
equation. Small resistors having d-c values of 25, 111, and 798 
ohms were used in the tests. The value of K,+K2 was 188 ppl. 
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TspLE 2.—Observed and computed power-factor changes with resistors in series with 
. capacitor 
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Microra- Microra- 
dians 
56.7 

















In all but one case the agreement between observed and computed 
values is within 31077. Concerning the one exception, the 1,000- 
evcle value for the 111-ohm resistor, where the difference is 8X 107’, it 
is believed that the discrepancy was in the d-c value of the resistance. 
A small inexpensive cathode-biasing resistor was used to permit easy 
shielding and it is probable that its a-c and d-c values are not identical 
within 1 percent. 

From these tests it seems safe to draw the conclusion’ that the 
accuracy of the bridge for small power-factor measurements is of the 
order of the sensitivity, namely, +5107’. 


VIII. SUMMARY AND CONCLUSIONS 


1. The Schering-type bridge in either the original high-voltage 
orientation or in the conjugate arrangement offered the best means of 
measuring small differences in the power factors of two capacitors. 

2. Ina perfectly balanced bridge, with a Wagner ground connection, 
the balance condition involves only the effective admittances of the 
bridge proper (eq 6). 

3. Errors due to an imperfect balance may be evaluated by eq 17. 
Such errors may be reduced by taking a second balance with the con- 
nections to two similar arms of the bridge interchanged (eq 20). Such 
an interchange also eliminates the necessity of evaluating the phase 
angles of resistance coils for power-factor determinations (eq 26). 

4. The effect of imperfections in the balance of a Wagner grounding 
device can be materially reduced by adjustment of the admittances 
between the detector terminals and ground (eq 17a). 

5. A bridge and detector system by which power-factor differences 
as small as 31077 may be observed has been constructed. Such 
sensitivity has been obtained over the frequency range of 60 to 1,000 
c/s and over a voltage range of 20 to 1,500 volts. The performance of 
the bridge is consistent over a wide range of operating conditions. 

6. Air capacitors of conventional design could not be used as 
standards of power factor for values below 1X 10~‘ in the commercial- 
and audio-frequency range because of the losses in the solid insulation. 
Arotating-plate capacitor having three electrodes in order to eliminate 
the effect of solid insulation has been built and found satisfactory as 
a working standard for power-factor values down to 1X107°, even 
though its power factor is neither negligible nor constant with capaci- 
tance. 
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7. The power factors of guard-ring capacitors with electrode spa. 
ings of a few millimeters or less may be appreciably greater ths, 
ix10-*. In general, these power factors increase with decreagino 
electrode separation. 7 

8. True power-factor values may be obtained from a determing. 
tion of the rate of change of power factor in a guard-ring capacitor of 
variable electrode separation. The power-factor change has bec, 
found to be proportional to the capacitance, thus permitting an extr. 
polation to zero power factor at zero capacitance or infinite electrod, 
separation. From this point of zero power factor the assignments of 
absolute values can be made to the differences in power factors 9 
measured in the bridge. It is thus possible to determine the actual 
power factors of a variable capacitor throughout its range and ther 
to use it as a calibrated standard for power-factor measurements, 
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HEATS OF COMBUSTION OF ANTHRACITE COKES AND 
OF ARTIFICIAL AND NATURAL GRAPHITES! 


By Phillip H. Dewey ? and D. Roberts Harper, 3d ® 


ABSTRACT 


There have been determined the heats of combustion of 30 samples of anthracite 
coke of known different temperatures of preparation (900° to 1,300° C), hydrogen 
contents (0.08 to 0.78 percent), and adsorptive capacities (0.13 to 37.5 cm of 
gaseous CO, per gram of solid carbon), in order to study the effect of these proper- 
ties on the energy content of the material. Data were also obtained on the heats 
of combustion of two samples of pure ash-free artificial graphite and four different 
samples of natural graphite. 

The heats evolved, expressed in international kilojoules, for the combustion of 
1 mole of solid carbon to form COs, at 25.0° C and a pressure of 1 atmosphere, 
without the production of external work, are as follows: Artificial graphite No. 0, 
393.39 +0.17; artificial graphite No. 1, 393.25 +0.15; Ticonderoga natural 
graphite, 393.32 +0.11; Buckingham natural graphite, 393.35 +0.13; Baffin 
Island natural graphite, 393.387 +0.26; and hydrogen-free anthracite coke, 403.03 
+0.29 (obtained by linear extrapolation to zero hydrogen content of the data on 
the hydrogen-containing cokes). 
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I. Introduction 
II. Material 
III. Apparatus and method 
IV. Calibration experiments 
V. Combustion experiments on carbon 
1. Anthracite cokes 
2. Artificial and natural graphites 
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I. INTRODUCTION 


The heats of combustion of samples of carbon from many different 
sources have been reported in the literature. The graphites used 
have been natural graphites [1, 2, 3, 4, 5, 6], Acheson graphite 
(2, 5, 6, 7], and blast-furnace and pig-iron graphite [2, 8]. The 
“amorphous” carbons have been wood charcoal [3, 8], and gas carbons 
(1, 4, 6, 7]. The values reported range from 7,894 to 8,272 cal/g of 
carbon for “amorphous” carbon and from 7,842 to 7,932 cal/g of 
_ |! Inthis and the following paper (R P1140) are presented the experimental results obtained in a cooperative 
investigation of the thermochemistry of carbon by the Coal Research Laboratory of the Carnegie Institute 
of Technology and by the National Bureau of Standards. The work described in this paper was performed 
at the former institution as part of the program of fundamental research on coal and derived products, under 
the direction of H. H. Lowry. 

? Formerly at the Coal Research Laboratory of the Carnegie Institute of Technology, now with the Pitts- 
burg Plate Glass Co. 


* Formerly at the Coal Research Laboratory of the Carnegie Institute of Technology, now deceased. 
‘ Figures in brackets throughout the text indicate the literature references at the end of this paper. 
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carbon for graphite. The present work was undertaken to obt: 

accurate data on heats of combustion of several samples of art ficial 
and natural graphites and of various specially prepared anthracit, 
cokes containing known different amounts of hydrogen, and to sty; ; 
the effect of the following factors on the energy content of the anthys. 
cite cokes: Thermal history, hydrogen content, adsorptive c: apacity 
activity, and porosity. 


II. MATERIAL 


The benzoic acid used to calibrate the calorimeter was Standar( 
Sample 39e from the National Bureau of Standards. It was presse; 
into pellets and weighed in the crucible in which it was to be burned. 

The carbons used in the study of the effect of chemical and physica] 
properties were anthracite cokes prepared and analyzed at the Bell 
Telephone Laboratories according to the procedure outlined by H. 
Lowry [9] and under his supervision. The hydrogen content (% ot 
carbon + % of hydrogen = 100%) ranged from 0.08 to 0.78 percent. 
The charge was weighed in the crucible in which it was to be burned. 
placed in a vacuum desiccator over calcium chloride, and evacuated 
for 4 hours with a Cenco Hyvac pump to a pressure less than 0.01 mm 
Hg. A liquid-air trap filled with activated charcoal was placed 
between the pump and desiccator to prevent the possibility of oi] 
vapors backing up from the pump and being adsorbed by the sample. 
The necessity for this was shown by the fact that when there was no 
trap, the heat of combustion of the sample increased with time of 
evacuation, the increase being as much as 280 j/g of carbon. The 
vacuum was broken by admitting dry nitrogen through the second 
liquid-air trap connected between the desiccator and the activated 
charcoal trap. The sample was weighed again and immediately 
placed in the bomb. 

The artificial graphite was spectroscopically pure graphite furnished 
by the National Carbon Co. in sticks 0.6 cm in diameter and 30 cm 
long, each piece wrapped in Cellophane. It is reported to have only 
5 parts per million of impurities. Half of each stick was pulverized 
with an agate mortar and pestle to pass 150-mesh platinum gauze. 
Care was taken that the graphite was not contaminated in any way 
by coming in contact with any organic material other than the Cello- 
phane in which it was wrapped. 

The four samples of natural graphite were obtained from Ward's 
Natural Science Establishment, Rochester, N. Y., and are designated 
by the location where found. The specimens ranged in size from 
approximately 100 g to 1 kg, and all specimens consisted of well- 
defined crystals. In preparing the samples for combustion, approx- 
mately 20 g of the best crystals were cut out of the specimen, broken 
up in an agate mortar (all pieces of rock were thrown out), and ground 
for 36 hours in a porcelain mill with flint pebbles. Approximately 
40 percent of the material passed a 150-mesh screen, and the size 
distribution showed that the grinding was attrition rather than impact 
grinding. After sifting the graphite, the particles smaller than 150 
mesh were sealed in an evacuating system consisting of a liquid- alr 
trap and a Cenco Hyvac pump and evacuated for 6 hours at 225° C. 

The oxygen used was commercial atmospheric oxygen obtained in 
steel tanks at a pressure of 1,800 pounds. It was passed through a 
purifying train consisting of high- -pressure bombs at room tempera- 
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wre, containing silica gel, Hopcalite catalyst, palladized asbestos, 
jscarite, and Anhydrone, to remove traces of combustible material, 
carbon dioxide, and moisture. This purifying train was tested from 
ime to time to check its effectiveness. At no time could any com- 
bystible material or carbon dioxide be detected in the issuing oxygen. 


III. APPARATUS AND METHOD 


The bomb was a regular Parr illium bomb chamber with a specially 
built two-valve stainless-steel head patterned after that of the 
Kroeker-Peters bomb used by Dickinson [10]. The bomb capacity 
was 390 cm’. The gas inlet beyond the inlet valve was extended to 
within about 25 mm of the bottom of the bomb by means of a 2.5-mm 
platinum tube. About 6mm 
above the end of the tube was 
welded a platinum-ring cruci- 


s\\ 


SS 


to introduce the oxygen be- 
low the crucible to prevent 
disturbing the charge. Ap- 
proximately 13 mm _ above 
the ring a 1l-mm platinum 
wire, which served as ground 
lead for the firing fuse, was 
welded to the tube. The 
other firing lead consisted of 
a 1.5-mm platinum rod ex- 
tending to within approxi- 
mately 25 mm of the ring, 
terminating in about 25 mm 
of No. 22 (0.64 mm) platinum 
wire for manipulation. The = WASHER 

fuse was a 9.0-mm length of Figure 1.—Method of insulating the firing pin. 
0.15-mm pure platinum wire 

and the charge of carbon was fired in every case without the addition 
of an auxiliary substance. 

All oxidizable substances were eliminated from the interior of the 
bomb. The gasket between the bomb chamber and the head was 
pure gold, and the firing pin through the head was insulated from it 
by means of a quartz washer made tight with a pure gold gasket on 
either side. (See fig. 1.) The crucibles used with benzoic acid and 
the roasted anthracites were platinum and that used with the graphites 
was Vitreosil. 

In order to obtain complete combustion of the roasted anthracites, 
a platinum crucible simulating a grate was used. The pure platinum 
crucible, 1 mm thick, had a rounded bottom, drilled with 0.5-mm 
holes over the entire bottom and up the sides to within 3 mm of the 


AN 


= 
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tty 
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| top, with a spacing of approximately 450 holes per square inch. 


Into this was pressed a 38-mm square of pure platinum 150-mesh 


} gauze on which rested the 60 to 80-mesh sample. In this way a 


supply of oxygen to each particle of carbon was assured, smothering 
of the flame by carbon dioxide and/or ash was prevented, and the 
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necessity of the use of asbestos mats to obtain complete combustio; 
was avoided, thereby eliminating indeterminate heats of reaction ¢, " 
to slagging of asbestos and mineral matter in the carbon samples, _ 

When this arrangement was tried with the graphite samples, th, 
electrical conductivity of the graphite caused such a leakage loss t, 
the grounded platinum crucible that the firing-energy measuremey; 
was rendered valueless. It was found that if the graphite wag 
powdered very finely, to pass through 150-mesh platinum gauze, an¢ 
burned in a Vitreosil crucible, it could be ignited with 2 to 8 j of firing 
energy, with practically complete combustion and with very littl. 
fusion of the ash with the Vitreosil. . 

The firing energy was obtained from an 18-volt lead storage battery. 
An oxygen coulometer, in series with the fuse wire, was arranged jp 
such a way that the oxygen was collected in a narrow tube by the 
downward displacement of the electrolyte, the displacement being 
measured by means of a millimeter scale behind the tube. In the 
calibration of the coulometer, it was found that a current of 0.779 
ampere produced a displacement of 8.18 cm in 35 seconds, which js 
equivalent to 3.3 coulombs/cm of displacement. The potential drop 
between the firing terminals, with the fuse wire at a temperature 
somewhat below its melting point, was measured to be 4.5 volts. In 
all experiments the length of the fuse wire was the same within about 
+5 percent. The effective potential drop in the firing operation in 
an actual combustion experiment was assumed to be sufficiently near 
to 4.5 volts that the energy of firing could be taken as (3.3) (4.5) or 
14.8, j/em of coulometer displacement.5 

The calorimeter was of the precision type patterned after that 
developed at the National Bureau of Standards by Dickinson [10], 
made available for use at variable and high room temperatures by 
completely immersing the thermostat, adding a cooling coil, and put- 
ting the whole jacket in a cork-filled outer jacket. During an exper- 
ment the water jacket was maintained at a temperature of 25.00° 
+0.01° C. 

The calorimeter temperature rise was measured by means of a 
Leeds & Northrup calorimetric-type platinum-resistance thermometer 
used in conjunction with a Leeds & Northrup resistance thermometer 
bridge (Mueller type) and a Weston galvanometer giving a deflection 
of about 1 mm for a resistance change of 0.0001 ohm. The initial and 
final temperatures were 23.70° C and approximately 25.9° C, respec- 
tively. Since the temperature rise during the calibration experiments 
corresponded to within +0.15° C of that of the combustion experi- 
ments, the relation between the resistance of the thermometer and 
temperature is necessary only in determining the absolute temperature 
of the reaction and in checking the resistance for constancy. The 
fundamental interval was determined several times during the work 
with the results listed below: 

’ Accurately, the firing energy is the integral, over the time of firing, of EJdt, where Eand J are the values 
of the voltage and current ata time?t. The coulometer actually measures the integral of Jdt over the time of 
firing, and, therefore, in the above procedure, the firing energy is only evaluated correctly if E is constant. 
Examination of the data shows that in some experiments the firing energy was 20 or 30 times that in others 
Since experiments where arcing inside the bomb was more than momentary, as evidenced by the reading 
of an ammeter in the firing circuit, were discarded at once, the difference in firing energy in the other exper!- 
ments was most probably due to differences in the time required to start the reaction. If the firing current 
was insufficient to melt the fuse wire, the assumption that the effective value of EF was 4.5 volts appears 
reasonable. At any rate, the results of the experiments in which the calculated firing energy was large are 


not significantly different from those in which it was small, and the results are, therefore, not inconsistent 
with foregoing assumption as to the average effective value of E. 





Heats of Combustion of Cokes and Graphites 


Ro (ohms) 


Riowo— Ro 
(ohms) 





25. 39795 9. 94315 
25. 39803 9. 94328 
25. 39801 9. 94356 





The mass of the sample was determined by direct weighing, and 
the weight of carbon dioxide formed in the combustion was deter- 
mined by absorption in Ascarite and weighing [11]. This latter value 
was used to determine the amount of reaction and therefore was used 
in calculating the heats of combustion, since the carbons used con- 
tained various amounts of ash, unknown amounts of adsorbed mois- 
ture and gases, and known different amounts of hydrogen. The 
analytical train consisted of a modified U-tube containing lead per- 
oxide distributed on asbestos fiber and maintained at a temperature 
of 218° C by boiling naphthalene, followed by a phosphorus pent- 
oxide drying tube and three Ascarite U-tubes. On calibrating the 
lead peroxide tube, it was found that the tube increased in weight by 
70 to 75 percent of the weight of nitric acid passed into it, the reaction 
corresponding to 


wherein 73 percent of the weight of HNO, is retained as Pb(NOs)z, 
since 1 mole of H,O and 0.5 mole of O, are given off for each 2 moles of 
HNO, taken up. The first Ascarite tube absorbed the carbon dioxide, 
the second served as a check tube, and the third was used as a counter- 
poise in weighing. The analytical train was followed by a flowmeter 
and a bubble tube containing palladium chloride to test for carbon 
monoxide. In only one case was any carbon monoxide found, al- 
though the test was determined to be sensitive to an absolute quantity 
of 0.05 em’ of carbon monoxide. Determination of the carbon dioxide 
formed in the combustion of benzoic acid in the calibration runs was 
used to check the analytical train. 
The energy equivalent of the calorimeter was determined by several 
combustions of benzoic acid and checked by a benzoic acid combustion 
after every specimen of roasted anthracite (three combustions) and 
graphite (four combustions). The calorimetric determinations were car- 
ried out essentially according to the procedure outlined by Dickinson[1 0]. 
No attempt was made to have exactly the same mass of water in 
the calorimeter, but a ‘‘standard”’ calorimeter was decided upon, and 
any deviation from this was determined and added as a correction to 
the energy equivalent as calculated to give a “standard” energy 
equivalent. In addition to the calorimeter can and thermometer, 
the “standard” calorimeter consisted of: Bomb, 3566.16 g; water 
inside bomb, 1.00 g; crucible, 4.84 g; charge, 1.16 g of benzoic acid; 
oxygen, 14.50 g; and water, 2872.00 g. The weight of water was not 
allowed to vary from 2,872 g by more than 0.5 percent (with one or 
two exceptions) and the difference in weight of any of these quantities 
was determined to the nearest 0.01 g, all weighed in air against brass 
weights. This difference times the energy equivalent of the sub- 
stance per ohm change of resistance of the thermometer gives the 
correction to the determined energy equivalent. 
One gram of water was placed in the bomb to saturate the space 
with water vapor at the beginning of the experiment. The air initi- 
ally in the bomb was flushed out by filling with oxygen to 50 atmos- 
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pheres and then releasing to atmospheric pressure. The bomb yo 
then filled to 30 atmospheres and allowed to stand, to a depth of 
several centimeters, in water at about 60° C for 1 minute to make sy, 
the space within the bomb was completely saturated with water vapo, 

The observed temperature rise was corrected for heat transfer betwee, 
calorimeter and jacket, and heat of stirring by Dickinson’s method |}, 

After the calorimetric determinations, the bomb was placed in , 
water bath and, by means of a high-pressure stainless-steel connectioy 
and a steel-to-glass ground joint, slowly discharged through the analyt. 
ical train. During the discharge, which required approximately 
1% hours, the water bath was warmed to approximately 60° C, ani 
after the pressure had reached atmospheric pressure, the bomb was 
flushed with oxygen (free of carbon dioxide and water) for 2 hours. 
This left the bomb flushed free of all carbon dioxide, water, and nitric 
acid. The naphthalene bath was removed from the lead peroxide 
tube and the tube allowed to cool with the oxygen still flowing, after 
which the tubes were wiped and weighed, closed to the atmosphere, 
The lead peroxide tube was closed by means of cork stoppers whic 
were removed during weighing. 


IV. CALIBRATION EXPERIMENTS 

The energy equivalent of the calorimeter is given by 

A; -a+14.85d+1315¢ 
aia t,— to 


where K, is the energy equivalent of the calorimeter in joules per 
™ sy [ 


Ky 





, 


unit rise of temperature, at the mean temperature; A,, is the heat of 


combustion per gram mass of benzoic acid at the final temperature, and 
ais the mass of sample in grams; d is the difference in centimeters in 
the coulometer readings before and after firing, and the constant 
14.85j/em serves as a multiplier to give the firing energy in joules; 
c is the increase in weight of the lead peroxide tube in grams and the 
constant 1,315 j/g serves as a multiplier to give the correction for the 
formation of nitric acid; and t,—t) is the corrected temperature rise or 
increase in resistance of the thermometer in ohms. The heat of for- 
mation of aqueous nitric acid, according to the reaction, 1/2 H,0 
(liq) +1/2 N. (g)+5/40, (g)=HNO, (aq, 0.005 M), is taken as 
—AU=60.5 kj/mole. 

In table 2 are given the results of 42 calibration combustions, using 
26,418 NBS int. j/g (mass) as the value for the heat evolved on the com- 
bustion of benzoic acid at 25.9° C, the final temperature, under the 
standard conditions of the bomb process, that is, when the initial 
oxygen pressure is 30 atmospheres and the masses of benzoic acid and 
water placed in the bomb are 3 g/liter of bomb volume [12]. This 
mass of benzoic acid under these conditions gives a ‘“‘temperature 
rise of 0.220 ohm for the “standard” calorimeter. 

The energy equivalent of the calorimeter is expressed in internation! 
joules per ohm increase in resistance of the given platinum resistance 
thermometer at the given mean temperature of the experiments, an 
the calorimeter is thus used merely as a comparator between benz01 
acid and carbon [14]. The amount of reaction in the calibration 
experiments was determined from the mass of benzoic acid burned 
The sample was weighed in air against brass weights. Data and 
calculations for a typical calibration combustion are given in table |. 
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~Data sheet for the combustion of benzoic acid, National Bureau of 
Standards Sample 39e 


[Jacket temperature 25.00° C] Date 9/16/35. 





Middle period After period 
= Rm ta R2 
10:35:00 Fire 10:43 27. 99387 
08 Start 374 
16 27. 785 4: 362 
24 : j 350 
32 . 88 7 339 
47 a 8 327 
36:15 . 95 Hi 251 
37:05 . 98 5i 239 
38:00 . Of 56 226 
39 . 9930 213 
40 375 AR; =—0.0017 4 ohm. 
41 400 Ate=840 sec. 
42 396 ARs 5 an 
tm= 10:35:54 Afy 2:07 X10 
(obtained from curve) 


Wt of crucible 4. 83766 g. Coulometer 

1:35 Crucible+sample 5. 99160 g. 11.15 em 

0.0048 ohm | 11. 40 cm 
=840 see. Wt of sample 1. 15394 g. on 

: | Corr. to vac 0. 00085 g. 0. 25 cm 

= 5.71106 

a Mass of sample 1. 15479 g. 


of bomb before filling with O2+16. 40 g=3591. 40 g bomb 
t of bomb after filling with O2+ 4.03 g=3591. 40 g bomb+03 
— Wt of can, etc. 
Wt of oxygen=12. 37 g --—— 
Wt of calorimeter w ithout wate r= 4348. 00 g 


Wt of counterpoise=7224. 40 g 
Wt of calorimeter as used+ 1. 95 g=counterpoise. 


Wt of calorimeter as used =7222. 45 g 


Wt of calorimeter without water =4348. 00 g Barometer Temperé ry ire 


743. 8 mm 22. 6° 
742.4 mm 23. 4° 


Wt of water= = 2874, 452 g 





Ascarite ake 
No. 18(120) No. 50 5. 47440 g No. 44 6. 71230 g PbO: 5. 38764 g 
7523 5. 47438 g 9. 62477 g 5. 38064 g 


2. 91247 g 0. 00200 g g 
Corr. to vac 131 g 





at 10:34: 35 R= 27. 77500 ohms. at 10:43:00 R2=27. 99387 ohms. 
AR, 
7oxSt 45 ohms. 426 X ee 88 ohms. 


tm=10:35:54 Ri =27. 77545 ohms. at tm=10:35:54 R2=27. 99475 ohms. 
Ry <2. 77545 ohms. 


a—to=AR= 0. 21930 ohms. 





Actual energy K,__AtaO+14.85d+1,315¢ 
equivalent at tm. = Lt. 
mC) ,418X 1.15479) + (14.85 0.2: a) + (131! 50.002) 002) 

0.21930 








= 139,141 int.j/ohm. 





Standard Actual Energy 
calor- calor- equivalent 
imeter imeter iff. per gram Correction 
Bomb 3566. 16 g ‘ : 0.45 j/deg. —0. 84 j/deg 
Crucible 4.842 0 
Charge 1.16¢ , eas ae ae 
a 14. 50 g ; , . 730 j/deg. +1. 55 j/deg 
0 2872. 00 g ‘ ; 4.175 j/deg. —10. 21 j/deg 
—9. 50 j/deg 
Ce 0 at any » in joules per ohm = —950/(dR/d T') 25 = —950/0.1001 = — 94.9 j/ohm. 
ndard energy equivalent = 139,141—95= 139,046 (at tm=24.80° C). 





* Change in weight of counterpoise due to change of buoyancy of air. 
»5 for this thermometer was taken as 1.48, which gives (dR/d7')2=0.1001 ohm/deg. 
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The data for the anthracite cokes and the graphites were worked up jp 
the same manner. 


TaBLE 2.—Results of the calibration experiments with benzoic acid National Bureq, 
of Standards Sample 39e ; 


{Average mean temperature, 24.80° C] 


| | 
: inergy om ¢ cnerg 
| Energy | yoy re Total | Tem- poms 
. Mass ¢ iber- | Or- “eTSY! energy era- a | Woig 
Experiment | ed Pe |mation| of fir- | Serey | bere ight 
of 


| 
| sample | ated by | ing liber- ture — of water 
s ated rise 


sample HNO; rimeter 


ew eee 


| 

| 

| 

| 

| 

| 

| Int. 
Int ‘ nt. j j Ohms | j/ohm 
| 30577. 32 . 30592. 8 |0. 22028 | 138, 881 
29962 . 21547 | 139,114 
| 30186. . 21724 | 139, 038 
. 16596 | 30802. ; . 22147 | 139, 152 
. 14496 | 30247. . 21716 | 139, 341 
. 16178 | 30691. ¢ . 22083 | 139, 048 
. 15993 | 30643. . 22288 | 137, 541 


g 
1. 15744 
. 13417 
1. 14263 


~ 
mo 


29975. 
30204. 
30818. 
30259. 
30706. 
30655. 


SOAWwoes 
of O10 





. 21803 | 139, 218 
138, 898 
139, 229 . OF 207 
138, 898 9.0! +12 139.019 
138, 902 | 2867. 7 139, 075 
138, 792 ‘ 2 139, 034 
138, 773 $62. 4( 139, 173 
139, 027 S71. +15 | 139,042 
138, 723 | 2865. 8! +25 138, 975 
139, 112 | 2872.8: 31 | 139,08) 


30353. 
30751. 
30546. 
30738. 
31571. 
30128. 
31611. 
30725. 
30402. 
30373. 


14847 | 30340. ¢ 
16239 | 30708. 
. 15584 | 30535. 
. 16290 | 30721. 
. 19458 | 31558 
. 13991 | 30114 
. 19609 | 31598. 
. 16265 | 30714. 
15031 | 30388 
14916 | 30358. £ 


ow 


Ore & or © 





nwo 


. 21888 | 138, 680 
- 22023 | 139, 094 
- 21930 | 139, 141 
- 21818 | 139, 298 
. 22248 | 139, 337 
- 22017 | 139, 048 
. 22089 | 138, 763 
. 22039 | 139, 000 
. 22207 | 138, 878 


30354. 
30632. 
30513. 
30392. 
30999. 
30614. 
30651. 
30634. 
30840. 


14864 | 30344. 
- 15914 | 30622. 
. 15479 | 30507. 
. 15027 | 30387. 
. 17310 | 30991. 
. 15826 | 30598. 
. 15700 | 30565. 
. 15935 | 30627. 
. 16720 | 30835 


NH PDAWRWDNONND 





~] 


NNWWDWOASNd NAOH CHW DMA® 


KIASPCOMnww® 


wo 
NNAN CNS 
to Ho Wb 


. 22276 | 138,375 | 2857. +666 | 
. 22029 | 139, 637 | 2888. —613 | 
. 22049 | 139,428 | 2883. —416 
. 22148 | 139,314 30. 6 —200 
. 22017 | 138,732 | 2866. +-267 
. 22122 | 138, 736 L +268 
. 21979 | 139, 259 | 2879. —226 
. 22063 | 139,000 | 2871.7 +75 
. 21954 | 139, 282 9. —252 
. 21936 | 139, 313 ; 
. 21946 | 139, 067 
. 22004 | 139, 346 
. 22014 | 138, 638 


. 21961 | 139, 086 
. 23140 | 139, 201 
. 22257 | 139, 042 


30824. 
30760. 
30742. 
30855. 
30544. 
30691. 
30607. 
30667. 
30578. 
30559. 
30519. 
30661. 
30519. 


. 16654 | 30817. 
. 16426 | 30757. 
16324 | 30730. 
. 16779 | 30850. 
. 15611 | 30542. 
30689. 
30603. 
30586. 
30572 
30556. 
30512. 
30657. 
30514. 


To) 
~~) 


COOK ON Or se HI 
NDNA CHAN OWA es 


PORN POWP—w Nw wre 
ae Cn im <3 NO 89 € me 


a 











. 15609 | 30541 . 21 2. 30544 
21894 | 32202. 3. 9 5 32211. 
. 16923 2g 7 30946. 








ID 

















Uncertainty, equal to three times probable error of mean 





V. COMBUSTION EXPERIMENTS ON CARBON 


The combustion experiments were carried out in exactly the same 
manner as the calibration experiments, using the same “standard 
-alorimeter. The “actual” calorimeter differed a little in that the 
crucible was heavier and the charge was carbon instead of benzoi 
acid. These deviations were included in the correction from “stand- 
ard” energy equivalent to “actual” energy equivalent. The “stand- 
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ard” energy equivalent used was the average of the 42 calibration 
experiments. After the first combustion of each sample, the mass of 
charge Was adjusted to give the “standard”’ temperature rise, namely, 
9.220 ohm. 

The amount of reaction was determined from the mass of carbon 
dioxide formed in the combustion. This takes care of the presence of 
inert mi aterial 1 in the sample and measures directly the amount of car- 
bon burned.® The degree of precision of the analysis was checked in 
the calibration experiments by determining the amount of carbon 
dioxide formed in exactly the same way as in the combustion experi- 
ments on the carbons. The ratio of “CO, obtained” to “theoretical 
C0,” from benzoic acid, using the atomic weights C=12.010, H 
1.0078, and O=16.0000, is given in table 3. 


TABLE 3.—Analytical data on benzoic acid 





Theoret- Ratio: i| Theoret- | Ratio 
j}ical mass} Determined CO: Experiment ical mass| Determined CO: 


of COs | Theoretical CO; || of COs | Theoretical CO} 





} g 
1.00046 || 76-6 2. 92200 . 00033 
©. 00001 || 76-67... ..-...........| 2 91882 00047 
Ee Ee es er . 00053 
1. 00036 || 
0.99999 || 76~ 2. 94455 . 00013 
|| 81-3 2. 94289 . 00046 
1. 00003 || 2. 93714 . 00066 
1. 00048 || 81-1! s 2. 93456 . 00016 
1. 00007 || § 2. 94604 . 00029 
1. 00039 
1. 00049 2. 91657 . 00040 
. 9 . 00063 
1. 00025 ‘ . 92242 . 00037 
0. 99985 || 5e y . 00053 
1.00031 || 81-6 2. 919! . 00045 
0. 99980 || 
1. 00043 || 2.91791 
2. 91375 


. 00030 
. 00078 


1 
1| 1 

. 00038 |} Be cc cdeewacetsnal ae 1. 00056 
1 


. 00021 | -93 2. 91395 . 00049 
. 00022 |} ‘ 2. 91652 ). 99992 
. 00038 | 
2. 91324 . 00019 | 3. 07508 1. 00040 
} 2. 94967, 1. 00007 
2. 90184 . 00048 || a 
2. 95944 . 00009 | Average . | 1. 00029 

















1. ANTHRACITE COKES 


In table 4 are given the heats of combustion of 30 samples of anthra- 
cite coke on each of which three combustions were made. These 
cokes were prepared at six different temperatures, ranging from 900° 
to 1,300° C, thereby giving cokes with six different hydrogen con- 
tents, since the hydrogen content of a given sample of coke depends 
on the thermal treatment to which it has been subjected [9]. The 
adsorptive capacity, z/m, in cubic centimeters of carbon dioxide 
absorbed per gram of carbon at 0° C and 760 mm Hg, and porosity, 
P,in cubic millimeters per gram, from which the activity, A, equal 
to (z/m)/P is calculated, had been determined for each sample at the 
Bell | Telephone Laboratories [13]. The details of these measurements 
may be found in the work referred to. 


———— 
‘Except when the sample contains carbonate. See, for example, p. 482, of the following paper. 
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To determine the effect of hydrogen content on heat of combustioy 
Q, a linear relation was fitted to the experimental values by the metho, 
of least squares. This gave Q=33 590+ 110,400 m,/m, internations| 
joules per gram of carbon, where My/Me is the ratio of the mass of 
hydrogen to the mass of carbon in the sample. There is an uncer. 
tainty of 6,000 in the coefficient of m,/m, and an uncertainty of 9 
in the value of Q at m,/m.=0, the uncertainty being taken as tlie 
times the probable error. The average and maximum differences 
between the observed values and those given by the equation are 
respectively, 44 and 148 j/g of carbon. Figure 2 is a plot of heat of 
combustion against hydrogen content, showing the experiment] 


34600 





34400 















































< 3 4 a) 6 


HYDROGEN CONTENT, 100 Mu/me 
Figure 2.—Plot of the heat of combustion of the anthracite cokes, as a function of 
the hydrogen content. 


The scale of ordinates gives the heat of combustion of the anthracite coke, in international joules per gran 
of carbon, for the bomb process at 25° C. The scale of abscissas gives 100 times the value of mu/m 
ratio of the mass of hydrogen to the mass of carbon in the anthracite coke. 


values and the fitted line; the dashed curves show the uncertainty in 
the position of the line (calculated as above). 

Figure 3 is a plot of the heat of combustion against adsorptive 
capacity, z/m, for the various samples of anthracite coke. From this 
plot it appears that there is no definite relation between heat of 
combustion and adsorptive capacity, for cokes of a given hydrogen 
content. To test this result, the dependence of Q on hydrogen 
content and adsorptive capacity simultaneously was investigated by 
fitting a linear relation to the cheered values by the method of least 
squares. This gave Q=33,591+110,600 m,/m,—0.061 2x/m inter- 
national joules per gram of carbon. The uncertainty (three times 
the probable error) in the coefficient of z/m is here +2.19, which is 
36 times its own value. Hence it may be concluded that adsorptive 
capacity has relatively little effect on the heat of combustion fot 
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Harper 
yiven values of hydrogen content, and that the effect of adsorptive 
capacity may be neglected in comparison with errors arising from 
impurities Or other causes. The same appears to be true for porosity, 
) and activity, A. Pe ee 

In view of this fact, it may be stated that, within the limits of 
uncertainty of the data, the heats of combustion of these samples of 
anthracite cokes are dependent only on hydrogen content, as given 
by the previously stated relation, Q= (33,590 + 23) + (110,400 + 6000) 
ti,/m, international joules per gram of carbon. It may be pointed 
out that the coefficient of m,/m, is considerably less than the 140,000 
int. j (33,500 cal) per gram of hydrogen, which would be obtained if 
the heat of combustion of the hydrogen in the cokes were equal to 
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34400 
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16 20 24 28 Je 36 40 
Xx 
m 
ADSORPTIVE CAPACITY 
FicurE 3.—Plot of the heat of combustion of the anthracite cokes, of various given 
hydrogen contents, as a function of the adsorptive capacity. 
lhe seale of ordinates gives the heat of combustion of the anthracite coke, in international joules per gram 
fcarbon, for the bomb process at 25° C. The scale of abscissas gives the value of the adsorptive capacity, 
z/m, which is the volume in milliliters of carbon dioxide adsorbed per gram of carbon at 0° C and a pres- 
sure of 760 mm Hg. The symbols indicate the following temperatures of preparation and hydrogen 
contents, respectively: X, 900° C, 0.78 percent of H; @, 1,000° C, 0.49 percent of H; +, 1,100° C, 0.28 per- 
cent of H; ff, 1,150° C, 0.21 percent of H; O, 1,200° C, 0.15 percent of H; A, 1,300° C, 0.08 percent of H. 


the heat of combustion of gaseous hydrogen. The significance of 
this difference probably lies partly in the fact that the experimentally 
determined coefficient includes contributions of other physical or 
— properties of the cokes which may affect their heats of 
combustion. 


2. ARTIFICIAL AND NATURAL GRAPHITES 


For comparison with the heat of combustion of carbon in the an- 
thracite cokes obtained by extrapolation to zero hydrogen content, 
similar calorimetric data were obtained for two samples of artificial 
graphite and for four samples of natural graphite. The data are 
given in table 5, and descriptions of the different graphites are given 
in the footnotes of the table. 
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TABLE 5.—Heats of combustion of artificial and natural graphites 
[Average mean temperature =24.8° C.] 
ARTIFICIAL GRAPHITE No. 0! 


| 
1 





Energy! | oerey| 
t “ “ equiva-| of for- | Ener- 
before | carbon | pera 0 tel | lent of | mation | gy of 


pa a aT . . . .e 
ovacus- ae 4 water raat | calori- | of nitric} firing 
tio ' : meter | acid 


alent 


Correc- 


Mass of ticn from 


| sample Heat of comt ustior 


under conditions 
bomb process, per gra 
of carbon burne: 


Mass of| Tem- rai 
Experi- Weight 


ment 





bis: 


Int. 
g g Ohms jjohm jlohm j j 

76-71_....] 0.93516} 3. 42670] 0. 22139 2859. 37| —586. 1} 138, 457 0.8 4. 
76-73....- - 93462) ¢ > 42340) . 21933] 2888. 72) 654. 7| 139, 698} 3 3. 
. 93566) 3.42713} . 22060) 2873. 64) 20. 5} 139, 063} - = 3. 

4. 


7| 32, Lg 
- 93398 3.42157} . 22057) 2867. 23} — 248 1] 138, 795} cae sof 4) 32, 782 


Average?.|........ aa ae nae poeicenanes _o | xcwesum [-------|3% 787 #11) 7837.6 4 
} | | | x2 














4) 32,7 
7 
‘ 

















ARTIFICIAL GRAPHITE No. 1! 





| 0.93339] 3. 42014| 0. 22019 2870.05] —129. 3] 138, 914] 
| 93367) 3. 42064 ® 


22004 2872.75,  —15.9| 139,027 
93427] 3.42244/ 121968 2881.55] 352. 7| 139, 396 
93413] 3.42204| 21938 2886.19| 548.8] 139, 602 
87-19....-|  .93419| 3.42419] .22035 2871.71) —59.8] 138, 983 
Average?_|_...._..]_.....- 
' 








CEYLON GRAPHITE 2 





| 0. 93523| 3.32943] 0.21397| 2872. 78 — 20. 5} 139, 023 
. 95862| 3.41393) . 21988) 2865, 83 —307. 7 
. 96252| 3.42452) . 22092! 2860. 59 — 527. 
96134] 3. 42081 . 21985) 2873. 02 ‘ 


Average *.| os Se 2S Se 
u 











TICONDEROGA GRAPHITE? 





0.95638! 3.48515! 0. 22440! 71. 77] —59.0| 138, 984 

'93784| 3.40365] .21892| 2874. 56] 60. 2} 139, 103 

. 94116) 3.42431] .22039) 2873.31) .8| 139, 052 
7| 3.42200) . 22292} 2833.12} —1684. 2) 137,359 


ees meee eee 


BUCKINGHAM GRAPHITE 4 

















0. 93532) 3. . 21888] 2873. 75 25. 9| 139, 069 
- 94171) 3.42359) .22047|) 2871.79 —55. 6) 138, 987 
- 94167] 3.42113] .22022) 2873.39 10. 5} 139, 053 
30} 3.41774) .71999) 2871.94 . 8) 138, 993 
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BAFFIN ISLAND GRAPHI 





0.96171) 3. .22196| 2870.61] —105.4| 138,938 . 32, 784 = 
.96106| 3.44440] .22171) 2872.91 —7.9| 139,035 2 :, 32,789 |. 
95593] 3.42705] . 22056, 2874. 75 67. 4| 139, 110 32, 807 ber 
| 
_t 





. 94868) 3.40527] .21910 5. 6} 138, 987 .4 32, 760 
Average. - 1 A {32, 785 +20 























1 Two samples of spectroscopic-grade graphite from the National Carbon Co. reported to contain only’ 
parts per million of impurities. 

? Sample was approximately a 50-g lump, very uniform, and definitely, although irregularly, crystal 
Contained 2.2 percent of ash. Material passing 150-mesh contained 2.3 percent of ash; material not pass 
150-mesh contained 2.2 percent of ash. 

* Sample was approximately a 100-g lump, uniform and definitely crystalline. Ash = 0.33 Pe reel 
Material passing 150-mesh contained 0.38 percent of ash; material not passing 150-mesh contained 
percent of ash. 

4 Sample was an approximately 1-kg lump of very definite columnar structure, the crystals being abo 
1.5 to 2cm long in three distinct layers. The crystals were flat and needle-like. Material p assing 150-1 
contained 0.25 percent of ash; material not passing 150-mesh contained 0.11 percent of ash. 

5’ Sample was an approximately 250-g lump consisting of very well defined crystals. Ash = 4.1 percent 
Material passing 150-mesh contained 1.7 percent of ash; material not passing 150-mesh contained 0.44 perce0 
of ash. 

‘The amount of reaction was determined from the mass of carbon dioxide formed. 44.010/12.010 ¢ ! 
carbon dioxide was taken as equivalent to 1 g of carbon. 

’ The average for the two samples of artificial graphite is 32,780 +8 int. j, or 7835.9 +1.9 cal/g of carbo 

8 See p. 482 of the RP 1140 regarding this low value for Ceylon graphite. 
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After grinding and sifting, that material which passed through 
i;)-mesh platinum wire gauze was used for the measurements. It is 
1 be noted that the heats of combustion per gram of carbon for the 
artificial, Ticonderoga, Buckingham, and Baffin Island graphites are, 

espec tively, 32,780, 32,781, 32,784, and 32,785 int. i; and on the 
averag e differ by about 2.4 percent from the value 33 ,090 int. j 
obtained for the heat of combustion per gram of carbon i in the anthra- 
vite cokes. The low value for Ceylon graphite is explained in the 
following paper (p. 482). 

These values are in terms of the bomb process, which is a constant- 
volume process at an initial pressure of 30 atmospheres. In order to 
reduce these to —AUsg, the heat of reaction under standard conditions 
for the pure reaction 


Co, 1 atm) + Ong, 1 atm) > COrxg, 1 atm), 


the reaction taking place without the production of external work, the 
reduction eq 81 of Washburn [12] is used. This Washburn reduction 
amounts to —0.379 int. kj/mole for pure carbon under the conditions 
of this work. Using this correction, the values of —AUsp, the heat of 
the reaction in international kilojoules of 1 mole of carbon under 
standard conditions at 25° C, are as follows: Artificial graphite No. 
0, 393.39 +£0.17; artificial eraphite No. 1, 393.25 +0.15; Ticonderoga 
— eraphite, 393.32 +0.11; Bue kingham natural gr aphite, 393.35 
+(.13; Baffin Island natural graphite, 393.37 +0.26; hydrogen-free 
set coke, 403.03 +0.29 (obtained by linear extrapolation to 
zero hydrogen content of the data on hydrogen-containing cokes). 
The percentage uncertainty assigned to these final values is the 
total uncertainty defined as +Ja?+b?+c? percent, where a is the 
percentage error assigned by Jessup and Green [12] for the value of 
the heat evolved when 1 g of benzoic acid is burned in the bomb 
(0.023%); b is the uncer tainty in the energy equivalent of the calorime- 
ter as given in table 2 (0.009%) ; and ¢ is the uncertainty assigned to the 
final combustion experiments on the given sample of carbon, taken 
as three times the probable error of the mean and expressed in percent. 


The authors acknowledge their indebtedness to the Bell Telephone 
Laboratories for the anthracite cokes and the physical and chemical 
data relating to them; to F. D. Rossini and R. S. Jessup of the Na- 
tional Bureau of Standards for their valuable suggestions and aid in 
the preparation of the manuscript; to H. G. Landau, who made most 
of the calculations; and to H. H. Lowry, Director of the Coal Research 
Laboratory, under whose direction this work was carried out. 
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HEATS OF COMBUSTION OF DIAMOND AND OF GRAPHITE 
By Ralph S. Jessup 


ABSTRACT 


Measurements were made of the heats of combustion of one artificial graphite, 
two natural graphites, and two samples of diamond. The bomb calorimeter used 
was calibrated electrically and by means of benzoic acid. The amount of reaction 
in each combustion experiment was determined from the mass of carbon dioxide 
formed. This method of determining the amount of reaction automatically 
eliminates the effect of unburned carbon and of some impurities. It was found, 
however, that results for different samples did not agree unless the samples were 
purified. Two methods of purification were used: (a) heating in vacuo to 1,800° 
C and (b) treatment with hydrochloric and hydrofluoric acids and subsequent 
heating in vacuo to 200° C to remove traces of the acids. Both methods yielded 
graphite containing only small amounts of impurities. The mean value obtained 
for the heat of combustion (—AH) of the purified graphites in oxygen at 25° C 
and a constant pressure of 1 atmosphere to form gaseous carbon dioxide at the 
same temperature and pressure was 393.396 international kilojoules per mole 
44.010 g of CO.). The maximum deviation of the mean value for any one of the 
purified samples from this value was 0.021 percent. 

The two samples of diamond, purified by treatment with aqueous hydrochloric 
and hydrofluoric acids and subsequently heated in vacuo to about 570° C, had 
average particle sizes of 2.5 uw and 39.5 yu, respectively, and yielded the following 
respective mean values for the heat of combustion (—AH) at 25° C and 1 atmos- 
phere, in oxygen to form gaseous carbon dioxide: 395.771 and 395.287 interna- 
tional kilojoules per mole. The difference between the two values, which is 
several times the estimated uncertainty of the measurements, is in proper direction 
to be accounted for on the basis of particle size, but the first sample appears to be 
not fine enough to account quantitatively for the difference. 
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I. INTRODUCTION 


The work described in this paper is part of a joint investigation by 
the National Bureau of Standards and the Coal Research Laboratory 
of the Carnegie Institute of Technology in Pittsburgh. When this 
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work was begun the only published measurements of the heats of 
combustion of the various forms of carbon which approach moder 
requirements as to accuracy were those of Roth and his coworker, 
[10, 11, 12].' Since Roth’s measurements were made there hayp 
been improvements in the experimental technique of heat-of-combys. 
tion measurements and in the interpretation of bomb calorimetri. 
data, which made a new investigation of the heat of combustion of 
carbon desirable. 

That part of the work which was done at the Coal Research Laborg. 
tory of the Carnegie Institute of Technology is described by Dewey 
and Harper [2] in the preceding paper in this Journal. It will be see) 
from their paper that their results on three natural graphites and two 
samples of an artificial graphite are in excellent agreement, but that 
their value for Ceylon natural graphite is lower by about 0.2 percen 
than the mean of their values for the other graphites. 

The present work was originally intended to include measurements 
of the heat of combustion of diamond only. However, at the sugges. 
tion of Dr. Lowry, Director of the Coal Research Laboratory, measure. 
ments were also made on three of the graphites on which measurements 
had been made by Dewey and Harper, namely, artificial graphite 
and Ceylon and Buckingham natural graphites, partly in the hope 
of finding the cause of their lower value for Ceylon natural gra phite 
and partly for the purpose of obtaining the difference weld. the 
heats of combustion of graphite and diamond from measurements 
made in the same laboratory. 


II. APPARATUS AND METHODS 


The apparatus, experimental procedure, and methods of calcu- 
lating results have been described in detail previously [8, 6], so that 
only a brief description will be given here. 

The measurements were made by means of a calorimeter which is 
essentially the same as that described by Dickinson [3]. The method 
of measurement consisted in comparing the rise in temperature of the 
calorimetric system produced by a measured quantity of energy, 
with the rise in temperature of the same calorimetric system over 
approximately the same temperature interval produced by the com- 
bustion of a sample of carbon in the bomb. The amount of reaction 
in each experiment was measured by absorbing the resulting carbon 
dioxide in Ascarite (a sodium hydroxide-asbestos mixture) and 
weighing [5, 8], using for the atomic weights of carbon and oxygen 
the values 12.010 and 16.0000, respectively. The glass-stoppered 
U- tubes containing the Ascarite were filled with hydrogen for weigh- 
ing, both before and after absorption of the carbon dioxide, in order 
to minimize the error resulting from uncertainty in the change in 
volume of the Ascarite upon absorption of carbon dioxide [8]. 

Usually a small quantity of carbon monoxide was formed in the 
bomb, amounting on the average to about 0.01 percent of the carbon 
dioxide formed. The quantity of carbon monoxide formed in each 
experiment was determined by passing the gas from the bomb, alter 
absorption of the carbon dioxide, through a copper tube heated to 
redness, absorbing the resulting carbon dioxide in Ascarite and 
weighing. 


1 Numbers in brackets indicate the literature references given at the end of this paper. 
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Before heating the copper tube for the purpose of oxidizing the 
carbon monoxide, the absorption train was always flushed with 
oxygen from the supply tank. However, there is a possibility that 
some water vapor might be formed by oxidation of hydrogen adsorbed 
ou the copper or copper oxide in the copper tube, or of hydrogen 
present as a result of incomplete flushing of the absorption train. 
Consequently, a dry- 
ing tube was placed 
between the copper 
tube and the U-tube 
containing the As- 
carite. 

It was possible to 
close the bomb and 
its valve tightly 
enough so that there 
was no perceptible 
leakage of gas either 
before or after a com- 
bustion experiment. 
It was found, how- 
ever, that during the 
combustion there was 
always a slight leak- 
age “of gas. The 
amount of gas which 
leaked out was deter- 
mined in each experi- 
ment by means of the 
arrangement shown 
in figure 1. The in- 
verted graduated 
glasstube 7’, was initi- 
ally filled with water, 
and the gas which 
fleaked out either 
through the valve or 
past the gold gasket, 
7 (1 mm wide), was 
caught in the tube, 
and its volume ob- 
served at the end of 
theexperiment. The 
pont threads and Figure 1.—Schematic drawing of bomb. 

» whinge surface, T, graduated glass tube for measuring gas leakage; N, bomb nut; G, gold 
s, were lubricated washer; S, surface between bomb nut and bomb cover; R, annular 
with vaseline, which Gabe h Gai one fuse of iron wire; C, platinum 
also prevented water 

from seeping into the space, R, and displacing the air initially present 
in this space. ‘The vaseline was carefully removed after each experi- 
ment and a weighed amount (0.4 g) was placed on the threads and 
the surface, S, of the bomb nut, N, before the next experiment. 
lhe volume of gas which leaked out during an experiment amounted 
usually to 0.002 or 0.003 percent of the total quantity of gas in the 
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bomb. Since the concentration of carbon dioxide in the valve ap¢ 
in the vicinity of the washer, @ (fig. 1), was probably very small 
the time the leakage occurred, the observed mass of carbon dioxid 
was not corrected for the leakage. 

The samples of about 1 g of carbon were burned in a shallow ery). 
ble, C, made of sheet platinum about 0.05 mm thick, which was sup. 
ported upon a beryllium oxide ring, B, as shown in figure 1. Th, 
crucible was made shallow in order to permit ready access of oxyge, 
to the carbon, and was made of thin metal in order that heat migh; 
not be so rapidly conducted away from the burning carbon as to 
interfere with combustion. From 1 to 5 mg of carbon was left yp. 
burned in the crucible in each experiment, but as the amount of p. 
action was determined from the mass of carbon dioxide formed th» 
unburned carbon did not introduce any error into the measurements 

The samples of carbon were ignited by means of an electric fuse, F 
figure 1, consisting of a 2-cm length of No. 36 AWG iron wire (0.13 mm 
in diameter) wound into a helix, joined to platinum leads 0.25 mm iy 
diameter and placed in contact with the charge of carbon. The cur. 
rent for firing the charge was drawn from a toy transformer having ; 
secondary electromotive force of 14 volts. The firing energy was 
determined in a series of blank experiments in which only the iron 
wire was burned, and was found to be 23.0 j [6]. 

The volume of the bomb was determined to be 377 cm*. One en! 
of water was placed in the bomb before each experiment. Combusti- 
ble impurities were removed from the oxygen used in the combustion 
experiments by passing it through a tube filled with copper oxide 
maintained at a temperature of 700° to 800° C. The oxygen was 
then passed through a tube filled with Ascarite in order to remove any 
carbon dioxide which might be present. 


III. CALIBRATION OF THE CALORIMETER 


The calorimeter was calibrated electrically in 14 experiments, the 
results of which are given in table 1. The potentiometer, standari 
resistance, standard cell, and volt box used in these measurements 
were calibrated in terms of the international electrical units by the 
Electrical Division of this Bureau just before the calibration of the 
calorimeter. The electrical calibration was supplemented by means 
of nine combustions of benzoic acid (NBS Standard Sample 39e), 
using for the heat of combustion of this material the value recently 
obtained [6], 26414 int. j/g mass (weight in vacuo) when the sample 
is burned under the following standard conditions: 

Temperature to which reaction is referred 

Initial oxygen pressure in bomb at 30° C___-.-------- ‘ 

Mass of water placed in bomb per liter of bomb volume. - - - 

Mass of benzoic acid burned per liter of bomb volume- - - 
The results of the calibration by means of benzoic acid are given it 
table 2, and the mean of these results is seen to be in agreement within 
0.008 percent with the mean of the results of the electrical calibration 
given in table 1. 
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TaBLE 1.—Results of electrical calibration of calorimeter 





; Energy 
Experiment equivalent} Deviation from mean 
at 28.5° C 





Int. j/° C j/° C | Percent 
13498. 6 
13497. 0 


++++! 


13495. 5 
13499. 7 
13499. 7 
13495. 4 


13498. 5 








I++! 





H+ 











TABLE 2.—Results of benzoic acid calibration of calorimeter 





Energy 
Experiment equivalent} Deviation from mean 
at 28.5° C 





Int. $/° C | Int. 3° 
13498. 5 ied 
—9.4 
+0.5 
=a 
+0. 2 


+2.0 
+1.6 
+10. 7 
—0.1 




















13499. 6 | +£2.32 


| 
| 
| 
| 
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The mean value for the energy equivalent obtained from the 
electrical calibration of the calorimeter was used in calculating the 
results of experiments 1 to 5, inclusive, on Ceylon graphite (table 7). 
After experiment 5 on Ceylon graphite, an accident to the calorimeter 
necessitated repairs involving the addition to the calorimeter vessel 
of 11.9 g of solder (50 percent of tin, 50 percent of lead), and the 
removal of 1.3 g of brass. After the repairs, the weight of water used 
in the calorimeter was decreased by 30.6 g. These changes involved a 
change in the energy equivalent of the calorimeter, the calculation 


tof which is shown in table 3. 
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TABLE 3.—Change in energy equivalent of calorimeter as a result of repairs 





; | Specific | Heat capac-| = 
Mass heatat | ityof | — for 
5° | c-heat y 


Material added added | by, | Bas he BM 
ane me | 





Solder-._-. 
Brass _.-.- . 
ae 


| 
| 
| 
| 
| 
| 


Decrease in energy equivalent__-_- 
Original energy equivalent Si URES ck ma bcc mieroeaent 
ne eee ee 


The value given in table 3 for the energy equivalent of the calorimete; 
after repairs was used in the calculation of the results of experiments 
6 to 16, inclusive, on Ceylon graphite (table 7), experiments | to §, 
inclusive, on Buckingham graphite (table 8), experiments 1 to 4, inclu. 
sive, on the first sample of artificial graphite (table 9), and experi- 
ments 1 to 3, inclusive, on the second sample of artificial graphite 
(table 9). 

For the remaining experiments a new calorimetric resistance 
thermometer was used. The calorimeter was calibrated with the new 
thermometer by means of 12 combustions of benzoic acid (Standard 
Sample 39e), using for the heat of combustion of this material the 
value given above. The results of this calibration of the calorimeter 
are shown in table 4. 


TABLE 4.—Results of benzoic acid calibration of calorimeter with new thermometer 





j ] 
| Energy 
equivalent) 
at 28.84 
ni) 


Experiment Deviation from mean 





Int. j/°C ae Percent 
13365. 3 i 
13367. 3 
13366. 1 
13344, 4 
13367. 4 


13364. 
13365. 
13365. 3 
13367. 3 
13366. 1 


Neon~7 
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13364. 4 
13367. 4 
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13365. 9 




















The difference between the mean value of the energy equivalent of 
the calorimeter given in table 4 and the value given in table 3 was 
found to be caused by a difference in the temperature intervals defined 
by the two thermometers under the conditions of the calorimetric 
experiments. The old thermometer was of an experimental type, 
and results obtained with it were not quite as precise as those obtained 
with the new thermometer, which was a calorimetric thermometer 0! 
the type which has been used at this Bureau for many years. The 
difference between the two thermometers did not introduce any 
systematic error into the measurements of heats of combustion, since 
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the value of energy equivalent used in calculating the results of heat- 
of-combustion measurements with either thermometer was the value 
obtained in the calibration experiments with the same thermometer. 
In the tabulations of the results of the heat-of-combustion measure- 
ments given later in this paper, the values of energy equivalent used 
for the various experiments are designated by the letters A, B, and C, 
preceding the experiment number, where these letters have the follow- 
ing meanings: A, mean value of energy equivalent from table 1; 
RB. value of energy equivalent from table 3; and C, mean value of 
energy equivalent from table 4. 


IV. MEASUREMENTS OF HEATS OF COMBUSTION 
1. MATERIAL 


Measurements were made on the three samples of graphite men- 
ioned previously and on two samples of diamond. ‘The first dia- 
nond sample was purchased from a diamond grinding establishment 
n the Netherlands, with the assistance of Prof. P. E. Verkade of the 
' Commercial University in Rotterdam. This sample was in the form 
of a very fine powder. The size distribution of the particles was 
} measured microscopically ? and it was found that the average diam- 
eter of the particles was 2.5 wu. Average particle diameter is here 
defined on the basis that if each particle had the average diameter 
the surface of the powder per gram of diamond would be the same as 
that of the actual sample. The ash content * of the sample when 
received was 0.30 percent. Successive treatments of the sample with 
' hydrochloric and hydrofluoric acids * reduced the ash content to 0.05 
| percent. The second sample of diamond was purchased from a 
dealer in commercial diamonds in this country. It consisted orig- 
inally of small pieces, of the order of 1 mm in diameter, most of which 
» were clear and “‘water white.”’ Discolored pieces were rejected ; the re- 
mainder of the sample was ground in a stainless-steel mortar and 
treated with hydrochloric and hydrofluoric acids, after which the ash 
content of the sample was found to be 0.02 percent. The average 
particle size of the second sample of diamond after grinding was 
39.54. About 2 g of the second sample was ground to an average par- 
ticle size of 22.9 p. 

The samples of graphite were ground in an agate mortar, and some 
measurements of heat of combustion were made on each material, 
without further treatment of the sample. Samples of the two nat- 
ural graphites were then heated in vacuo in an Acheson graphite 
; crucible by means of an induction furnace to various temperatures, 
the maximum temperature in each case being about 1,800° C5 The 
| mercury-vapor pump used in maintaining the vacuum was capable of 
reducing the pressure to <.10-* mm of mercury when the samples of 
graphite were cold, but at the higher temperatures the evolution of 
gas from the thermal insulating material around the graphite crucible 
was so great that the pressure could not be reduced below about 0.02 
mm. The pump was connected to the vessel inclosing the graphite 
through a trap immersed in liquid air. 


t 


! The microscopic examination of the two samples of diamond was made by C. P. Saylor of this Bureau. 

* Allash determinations mentioned in this paper were made by C. J. Rodden of this Bureau. 

‘The chemical treatment of both samples of diamond and one sample of graphite and the grinding of 
the second sample of diamond were done by H. B. Knowles cf this Bureau. 

‘W. F. Roeser and A. I. Dah! of this Bureau assisted in heating the samples of graphite and in measure- 
ment of the temperatures. 
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Spectrochemical analyses ° were made on some of the samples of 
graphite and diamond, and on the ash from some of the sample 
The results of these analyses are given in tables 5 and 6. 


TABLE 5.—Results of spectrochemical analyses of diamond and graphites 





Sample | Major impurities | Traces 





i os lcs adel adee okbbtellccdasdebisvecenusnecud Si, Mg, Cu. 
Buckingham, untreated Si, Al, Fe, Mg, Ca, Mn, Cu, Na__| Hg, Pb. 
Buckingham, heated to 1,820° C in vacuo__| Si, Mg Hg, Sn, Fe, Cu. 
Ceylon, untreated | Si, Al, Ca, Fe, Mg, Cu, Mn.--.. __| Na, Pb, Ni, Ag, Hg. 
First sample of diamond, untreated... .....| Si, Pd, Mg, Ba, Al, Ca............ Fe, B. 


| 





TABLE 6.—Results of spectrochemical analyses of samples of ash 





Carbon sample Major constituents Minor constituents 





Buckingham, untreated Si, Ca, Al, Fe ° | Sr, Ba, Ti. 
Ceylon, untreated eS .-| Mn, Al, Mg ‘ Sr, Cr, Ni. 
Ceylon, heated to 1,750° C_.___. F he , Mg . Al, Ba, Ti, Cr 
Diamond, untreated Pb, Ni, 5n, Ti, Fe, Cr, Zr, | V, Mn. 

Ba, Sr, Mg. 








2. CEYLON NATURAL GRAPHITE 


The results obtained on this sample are shown in table 7, which is 
largely self-explanatory. The values used for the energy equivalent 
of the calorimeter are for the initial calorimetric system, including the 
oxygen and the charge of carbon, at the mean temperature of the 
experiment. The values of heat of combustion are therefore referred 
to the final temperature of the calorimeter, which was sufficiently near 
to 30° C in all experiments so that the correction to 30.00° C was 
negligible. The observed values of heat of combustion under the 
conditions of the bomb process, —AUz, were reduced to the energy 
change, —A Up, for the reaction at 30° C and a pressure of 1 atmosphere 
by means of Washburn’s complete correction equation [13], modified 
so as to apply to 30° C instead of 20°C. The Washburn correction 
for carbon at 30° C is about 9 percent smaller than at 20° C. The 
first six measurements listed in table 7 were made on a sample of 
Ceylon graphite which had received no treatment except grinding in 
an agate mortar. The value of —AU, from these experiments is seen 
to be even lower than (although roughly the same as) the value ob- 
tained by Dewey and Harper [2] for the Ceylon graphite. Dewey and 
Harper heated their sample of Ceylon graphite to 225° C in vacuo, 
and it seemed possible that this heating might be the cause of the 
difference between their value for Ceylon graphite and that obtained 
from the first six experiments listed in table 7. To test this hypo- 
thesis samples of Ceylon graphite were heated in vacuo in an Acheson 
graphite crucible by means of an induction furnace to various tempera- 
tures ranging from 850° to 1,750° C, and a few measurements were 
made of the Lesh of combustion of each sample. It will be seen from 
table 7 that heating the graphite to 850° C caused an increase in 
apparent heat of combustion of 0.25 percent, that heating to 900° or 
1,200° C caused a further increase of about 0.06 percent, while heating 


6 The spectrochemical analyses were made by B. F. Scribner of this Bureau. 
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to 1,750° C caused a decrease of about 0.07 percent from the value 
observed after heating to 1,200° C. It was also observed that after 
heating to 1,750° C the ash content of the sample had decreased from 
its initial value, 1.50 percent, to 0.06 percent. This suggested that 
the initial low value for the heat of combustion of the Ceylon graphite, 
and the changes in heat of combustion upon heating to various tem- 
peratures were caused by chemical reactions involving the impurities 
in the sample. Carbonates, for example, would be decomposed when 
the graphite was burned in the bomb, resulting in a low value for the 
observed heat of combustion of the graphite, while carbides, if they 
burned, would cause the observed heat of combustion to be too high. 
However, since it has been suggested by Roth [10, 11, 12] that there 
may be two forms of graphite, there was a possibility that the changes 
in observed heat of combustion of the Ceylon graphite upon heating 
might have been at least partly the result of a transformation from 
' one form to the other caused by the heating. In order to determine 
whether the changes in heat of combustion resulted from reactions 
involving the impurities, or from a change in the structure of the 
craphite, a sample of Ceylon graphite which had not been heated was 
purified by treatment with hydrochloric and hydrofluoric acids, and 
; was then heated in vacuo to about 200° C to remove traces of the acids 
and of water. After this treatment, the ash content of the sample 
was found to be 0.02 percent. The results of four measurements of 
the heat of combustion of the chemically purified material are given 
' in table 7 (experiments 17 to 20, inclusive). A part of the chemically 
purified sample was then heated in vacuo to 1,820° C, and four meas- 
' urements were made of the heat of combustion of the material after 
heating (experiments 21 to 24, table 7). It will be seen from table 7 
that the results of the measurements on the sample purified by heat- 
ing, the sample purified chemically and not heated above 200° C, and 
the sample purified chemically and subsequently heated to 1,820° C 
| are in agreement within the uncertainty of the measurements. This 
indicates that the initial low value for the heat of combustion of the 
Ceylon graphite, and the changes in heat of combustion upon heating 
' to various temperatures were the result of reactions involving the 
impurities in the sample, rather than the result of a transformation 
| from one form of graphite to another. 
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TABLE 7.—Results on Ceylon natural graphite 








} \F inal 
Initial | tom- Ob- 


oxy- served | wash- 


. era 

> : Carbon en p at o . 

Experi- paleo ed ture pe oe burn Deviation 

ment ¢ - es correc- from mean 
formed | sure bus- 


at : tion tion 
30° C —AUB 


Remarks 





Int Int. TInt. 
kj/mole kin mole kj/mole | kj/mole | Percent 
392. 569 392.177} —0. 275} —0.070} Sample was ground ;; 
52) 392.994; —. 392) 392.602) +.150/ +.038) an agate mortar ‘ad 
3} 392. 878 . 396) 392.482) +.030) +. 008 burned without furt! 
392. 874 a 392, 490) +.038) +4-.010 treatment. Ash Ly 
392. 807 . 387} 392.420) —.032; —.008 percent. 
392. 933 s 392. 543] -+.091) +. 023 











392. 452) +0. 103) +0. 026 








393.992] —0.389| 393. 603| —0. 033} —0.008| Heated in vacuo to abo 
394.058, —. 389] 393.669] +.033| +.008) 900° C for 3 hours 








_|___..._.| 393. 636] +0. 033] --0. 008 





0. 085105 30. 02) 393. 808) —0. 386) < 3.422) —0. 016 —0. 004) Heated in vacuo to about 
. 085876! 33. 9} 30.13) 393.844) —.390 3. 454) +.016) +. 004 850° C for 18 hours 


— <ticneasions 393. 438) +0.016) +0. 004 
0.083211} 34.0] 29.94 303.954] —0. 389] 393.565) —0. 111] —0. 028] Heated in vacuo to about 
33. 90} 394.172] —. 388! 393.784} +.110| +.028]  1,200° C for 3 hours 


393. 674) +0. 110 


393. 474) +0. 072 Heated in vacuo to 1,7 
393.419) +.017| +.004 C for 1% hours. Ash 
393. 338} —.064 ‘ 0.06 percent. 

393. 378; —.028 


























393. 402) +0. 045 


393. 769 . 393.379) —0. 015 i Purified by treatment 
5} 393. 739 . 393.349) —.045 ‘ with HCl and HF 
393. 799 . 390} 393.409) +.015 " Traces of acids ani 
393. 82 393.441) +. 047 O01: moisture were remove 
by heating in vacuot 
393. 394] +0. 030 .008} 200° C. Ash 0.02 per 
cent. 




















393, 242) —0. 082 .021) Purified by treatment 
393. 256} —. 068 .017} with HCland HF, and 
393.411} -+-. 087 ’ then heated in vacuot 
393. 387) +. 063 -.016}  1,820° C for 144 hours 








393. 324) +0. 075) +0. 019 





























* See text, p. 481, for significance of letters preceding experiment numbers. 
3. BUCKINGHAM NATURAL GRAPHITE 


The results of measurements on this sample of graphite are given 
in table 8. It will be seen that heating to 1,200° C caused practically 
no change in heat of combustion. Heating to 1,820° C reduced the 
ash content of the sample from 0.24 to 0.006 percent, and caused 1 
reduction in heat of combustion of 0.06 percent. The value obtained 
for the heat of combustion of the purified sample is seen to differ by 
only 0.015 percent from the mean of the values for the purified 
samples of Ceylon graphite. 
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TABLE 8.—Results on Buckingham natural graphite 


| 
| 





| Final 


|Initial| tem- 


Carbon|oxygen,| 


| dioxide 
| formed 


| 


Moles 
), 082913 
O84 410) 


ile 


0 083288| 
083700} 
084024 





sure at 
30° C 


pera- 
ture of 
ealo- 
rime- 
ter 


pres- 





= = —> 
| 
33. 7| 
34, 0| 





| 
Ob- | 
served | 
heat of 
com- 

bus- 

tion 
—AUB 


burn 
cor- 
rectior 


Int. 
kj/mole 
393. 814 
394. 003 


393. 877 
394. O80 








} 393. 914) 


Wash- 


1 


Int. 
kj/mole 
393. 428 
393. 614 
393. 521 


393. 490 
393. 695 
393. 525 
3. 570 
393. 315 
393. 340 
276 


3. 310 











Deviation from 
mean 


Int. 
kj/mole 
—0. 093 
+. 093 


+0. 093 


<< 080 
> 12 


+0. 005 
+. 030 
—.034 


+0. 023 


Percent 
—(). 024 
+. 024 
+0. 024 
ee 020 
+. 032) 
—. 011 
+0. 021 


+0. 001 
+. 008 
—. 009 


+0. 006 


Remarks 


Sample was ground in 
an agate mortar and 
burned without further 
treatment. Ash 0.24 
percent. 


Heated in vacuo to 1,200° 
C for 3 hours. 


Heated in vacuo to 1,820° 
C for 144 hours. Ash 
0.006 percent 








4. ARTIFICIAL GRAPHITE 


The results of measurements on two samples of this material are 
listed separately in table 9, although there was no reason for believing 
p that the ‘re was any difference between the two samples. 
m 


rents 3, 4, 5 


the benzoic acid and not in contact with the graphite. 


5, and 6 on the first s 


sample about 5 


In experi- 


5 mg of benzoic acid was 
— to start the combustion, the electric fuse being placed in contact 


The pur- 


pose sof these experiments was to determine whether any error resulted 
from conduction of electricity through the powdered graphite in the 
usual method of igniting the sample. The results for experiments 
3,4, 5, and 6 are in agreement within the limits of experimental error 


with the other results on the artificial graphite. 


Carbo 
dioxide 
| formed 


Experiment 


Moles 
10. 085838 
. 084434 

. 083970 

| 083067 
| . 085125) 
. 084061 


TABLE 9.—Results on artificial graphite 





| ; 
| Initial 


njoxygen 


pres- 
sure at 
30° C 


atm 
33. 5 


Final 
tem- 
pera- 
ture of 
calo- 
rime- 
ter 


°C 
29. 94 


Ob- 
served 
heat of 

com- 
bus- 
tion 
—AUsB 


TInt. 
kj/mole 
393. 784 


Wash- 
burn 
cor- 
rection 


Int. 
kj/mole 
385 


33,4) 29.86 
34.0} 30.03 
33. 6| 29. 94 
34.5) 30.18 
34.6] 30. . 08} 








393. 734 
393. 894 
393. 814 
393. 900 
393. 900 


383 





Deviation from 
mean 


Remarks 





Int. 
kj/mole 
393. 399 
393. 351 
393. 505 
393. 429 
393. 504 
393. 504 


393. 449 


Int. 
kj!mole 
—0. 050 


—. 098 
+. 056 
—. 020 
+. 055 
+. 055 





+0. 056) - 


Percent 
—(). 013 
—, 025 
+. 014 
—. 005 
+.014 
+.014 





First 


In ex- 


sample. 
periments 3, 4, 5, and 6 
about 5 mg of benzoic 
acid was used to start 
the combustion. Ash 
<0.002 percent. 








—0. 382 “393 374| —0. 064 
—. 382) 393. 524) +. 086 
- - 382| 393. 416) —, 022 


29, 9. 89) 303.7 56 
29. 92} 393. 906 
29. 98] 393. 798) 


~ 33.3 3) 
33. 2) 
33. 2| 


10. 08% 3637 
. 085022 
085836 

| 


—0. “O16! 
+. 022 
—. 006 


Secondssmple. Ash not 


determined. 








393. 438) +0. 057} +0. 015 





94848—38—_8 





486 Journal of Research of the National Bureau of Standards {yyy 


5. RESUME OF RESULTS ON PURIFIED GRAPHITE 


The results of all the measurements on purified samples of graphite 
are assembled in table 10. 


TABLE 10.—Résumé of results on purified graphite 





| 
Uncer- 
tainty 
of Deviation from 
mean mean of al] 
for observations 
sam- 
ple 


Deviation from 
mean of all 
observations 


Mean for 


Sample and method of | Experi-| —AUr at 
sample 


purification ment 30° C 





Int. kj/mole| Int. kj/mole| Percent| Int. kj/mole| Percent|Int.kj/mole| Percer, 
Ceylon natural graphite 393. 474 0. 081 |+0. 021 ? 
heated in vacuo to 393. 419 +. 026 | +. 007 . 

1,750° C. Ash 0.06 5 | 393.338 —1055 | —.014 |f 393-402 |+0. 019 
percent 393. 378 —.015 | —. 004 


+0. 009 | +0. 092 


Ceylon graphite puri- 393. 379 .014 | —. 004 
fied by treatment with by ' —.011 , 
HCl and HF. Ash +. 004 |f 393-394 | +. 026 
0.02 percent. ‘ i +. 012 


Ceylon graphite puri- 
fied by treatment with —y _ 
HCl and HF. Sam- < 393. 411 
ple then heated in 393. 387 
vacuo to 1,820° C o 


393. 324 





Buckingham _ graphite 393. 315 


ae 393. 340 ‘0! ‘01: 393. 310 
8 : 393. 276 


393. 399 


Artificial graphite. First 393. 351 
sample. Ash <0. 002 . os : 393. 449 





Artificial graphite. . 005 | 
Second sample. Ash . 033 393. 438 
not determined 393. 418 + : 





Mean of individ- 
ual] observations 393. 393 


























The uncertainties of the mean values for the various samples given 
in the last column of this table were calculated as follows [9]: For those 
experiments based on the electrical calibration of the calorimeter the 
uncertainty was calculated by means of the relation 


e= Verte, 


DA? >A? 
é,=24/——_1. and ¢,=2,4/—__+— 
1, (m—1) N2(N2—1) 


In these expressions the subscripts 1 and 2 refer to the calibration and 
combustion experiments, respectively, A represents the percentage 
deviation from the mean, and n the number of experiments. For those 
experiments based on the calibration with benzoic acid the uncertainty 
was calculated by means of the relation 


e=Vateate, 


where e, and e, have the same meanings as above, and ¢; is the esti- 
mated uncertainty (0.023 percent) in the value used for the heat of 


where 
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combustion of benzoic acid. It will be seen from table 10 that, with 
the exception of the value for Buckingham natural graphite, the mean 
value for each sample is in agreement within the calculated uncertainty 
of that value, with the mean of all the individual results on the purified 
samples. The average deviation of the individual results from this 
mean value is 0.015 percent, and the maximum deviation is 0.038 
percent. The average deviation of the means for the various samples 
from the mean of all the results is 0.011 percent, while the maximum 
deviation of the mean for any one sample is 0.021 percent. The 
results therefore indicate that the three varieties of graphite are 
identical, at least so far as their energy content is concerned. 

Using the values 8.78, 20.82, and 28.08 j/mole [4] for the specific 
heats at constant volume of graphite, oxygen, and carbon dioxide, 
respectively, the value calculated for the temperature coefficient 
d(—AUR)/dT) of the heat of combustion of graphite is 1.5 j/mole °C. 
Using this value for the temperature coefficient of —AU, and the 
mean value of —AUs at 30° C from table 10, the value calculated for 
—AU, at 25° C for the reaction 


C (graphite) +O,(gas) =CO,(gas) 


is 393.385 int. kj/mole. The value of —A (pv) for the above reaction 
calculated by means of the Beattie-Bridgeman equation of state [1] 
is 0.011 kj, so that the value derived from the results of the present work 
for —AH=—AUp—A(pv) for the above reaction at 25° C and a 
constant pressure of 1 atmosphere is 393.396 int. kj/mole (44.010 g of 


carbon dioxide), 
6. DIAMOND 


As the first sample of diamond was very finely powdered, it was 
thought that there might be an appreciable thermal effect due to 
adsorption of oxygen. About 5.6 g of the sample was therefore put in 
a Pyrex glass tube and evacuated by means of a mercury-vapor pump 
connected to the tube containing the diamond through a trap immersed 
inliquid air. The tube containing the diamond was heated to tempera- 
tures ranging from 550° to 575° C, and the evacuation was continued 
for several days. Most of the adsorbed gas was removed in this way, 
as may be seen from the fact that at the end of the first day, with the 
diamond at a temperature of 570° C and with the pump operating, 
the minimum pressure reached was 0.0035 mm, and when the pump 
was shut off the pressure rose to 0.13 mm in 10 minutes, while on the 
last day of the pumping with the diamond at a temperature of 575° C, 
a pressure of <.0.0001 mm was attained with the pump operating, and 
when the pump was shut off the pressure rose to only 0.003 mm in 10 
minutes. 

_ After evacuation, the tube containing the diamond was sealed off, 
immersed in the water of a calorimeter, and after sufficient time had 
elapsed for the attainment of thermal equilibrium, dry oxygen was 
admitted to a pressure of 1 atmosphere, and the temperature change 
of the calorimeter was observed. The evacuation of the diamond 
was then repeated and a second measurement was made of the ther- 
mal effect of adsorption of oxygen. The observed thermal effect 
in the two experiments was 2.5 and 2.8 j/g of diamond, or 0.032 
kj/mole. The internal surface of the glass tube which contained 
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the diamond in these experiments was only about 0.2 percent of th 
surface of the diamond itself, so that the effect of adsorption on the 
surface of the tube was probably negligible and a blank experimen; 
was considered unnecessary. In similar experiments covering th, 
pressure range 1 to 30 atmospheres, no thermal effect due to adsorp- 
tion of oxygen was observed. As the specific surface of the second 
sample of diamond was much smaller than that of the first, it wa 
assumed that the thermal effect of adsorption of oxygen on this 
sample was negligible, and no measurement of the effect was mado 
The sample was, however, heated in vacuo to about 550° C to remoyo 
traces of acids used in purifying it. 

The results of the heat of combustion measurements on the two 
samples of diamond are given in tables 11 and 12. 


TABLE 11.—Results on first sample of diamond 





| 
Initial | Observ- 
oxygen | ed heat | Wash- 

pres- | ofcom-| burn Deviation from | 

sure | bustion | correc- mean 

| 

| 

| 


Carbon 
Experiment dioxide 


formed at 30°C] tion 


at 
30°C | —AUs 





Int. Int Int. Int. 
Moles kj/mole | kj/mole| kj/mole | kj/mole | Percent 

0. 082878 33.5 | 395.907 | —0. 384 | 395.523 |—0.203 |—0.051 | Average partic 
. 083895 33. 396.115 | —.387 | 395.728 | +.004 | +. 001 diameter 2.5 , 
. 083182 33. 396. 232 | —.383 | 395.849 | +.125 | +.032 Ash 0.05 percent 
. 083308 33. 396. 227 .¢ 395. 839 | +.115 | +.029 
. 083724 33. 396. 327 . 387 | 395.940 | +. 216 | +.055 
. 083677 33. 395. 965 .é 395. 578 —.037 
. 083556 33. 395. 999 . 388 | 395. 611 . —. 029 


ne en | 395. . 132 |+0. 033 
Correction for heat of | 
adsorption of O3-__-_-| 
Corrected value of | 
I 5.756 | 
































TABLE 12.—Results on second sample of diamond 





Ob- | 
Initial | served | wy, 
Wash- 
Carbon | oxygen | heat of 5s 
Experiment dioxide | pres- com- pial Dev —— from Remarks 
formed | sure at | bustion tion 
30° C | at 30°C 
—AUps 





| 

Int. | Per- 
kj/mole| cent 
+0. 075 I-+-0. 019 | Average particle 
—.079 | —. 020 diameter 39.54 
—.095 | —. 024 Ash 0.02 percent 
+.048 | +.012 
—.060 | —.015 
+.109 | +. 028 





| 395.256 |+0.078 |-+0.020 














0. 074524 “4 . | 395.401 |+-0.079 |+0.020 | Average particle 
’ 5 | 395.242 | —.080 | —. 020 diameter 22.9 » 











395. 322 |4-0. 080 |--0.020 

















second sample_...-- SENS: ee 395. 272 | 





It will be seen from these tables that the mean value of —AUz for 
the first sample, when corrected for the thermal effect of adsorption 
of oxygen, is higher by 0.500 kj/mole, or 0.13 percent, than the value 
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‘or the coarser fraction of the second sample; and that the value for 
‘he finer fraction of the second sample is higher by 0.066 kj/mole, or 
9.017 percent, than that for the coarser fraction. This last difference 
‘. within the uncertainty of the measurements. 
~ The difference between the observed heats of combustion of the two 
samples is in the direction to be expected from the relative sizes of the 
particles, but is greater than the difference obtained by a rough cal- 
oylation of the effect of particle size. This calculation was based on 
the assumption that the energy content of the finer sample of diamond 
was greater than that of macrocrystalline diamond as a result of 
ynsaturated bonds at the surface. In making the calculation it was 
gssumed that the carbon-carbon bond energy in diamond is 70 
kcal/mole, so that the corresponding surface energy is 35 kcal per N 
ynsaturated bonds, or 70 keal per N surface atoms, where JN is 
Ayogadro’s number. The surface energy of the finer sample calcu- 
lated in this manner is about 25 percent of the difference between the 
observed heats of combustion of the two samples of diamond. 

It has been reported by Robertson, Fox, and Martin [7] that there 
are two types of diamond which differ in a number of physical proper- 
ties, and it is conceivable that one of the samples in the present work 
consisted largely of one of these types, while the other sample consisted 
largely of the other type of diamond. This is extremely unlikely, 
however, because of the comparative rarity of one of the types. 
Robertson, Fox, and Martin found one specimen of the rarer type by 
accident, and then examined between 200 and 300 other diamonds 
before finding a second specimen of the rarer type. Also, it seems 
unlikely that the difference between the heats of combustion of the 
two types of diamond could be as great as 25 percent of the difference 
between the heats of combustion of graphite and diamond. In this 
connection it may be noted that Robertson, Fox, and Martin found 
that the two types of diamond did not differ appreciably in a number 
of properties including density, specific heat, refractive index, dielec- 
tric constant, and the arrangement of the atoms in the crystal lattice. 

Since the difference between the two sets of data in tables 11 and 12 
has not been explained there is considerable uncertainty as to the 
value of the heat of combustion of diamond. Because of the possi- 
bility of surface effects other than the one considered above, it is 
believed that the mean value of —AU, from the eight experiments 
on the second sample of diamond, namely 395.272 int. kj/mole, is as 
good a value for —AU, at 30° C for the combustion of macrocrystalline 
diamond as can be derived from the results of the present investiga- 
tion. The change in this value by reduction to 25° C is +0.004 
kj/mole. The corresponding value of —AH for the reaction 

C (diamond)+0O, (gas)=CO, (gas) 

is 395.287 int. kj/mole (44.010 g of carbon dioxide) at 25° C and a 
constant pressure of 1 atmosphere. The uncertainty in this value, 
calculated as described previously, is 0.029 percent, while the caleu- 

lated uncertainty of the mean result for the first sample of diamond 
ls 0.038 percent, 
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HEAT AND FREE ENERGY OF FORMATION OF CARBON 
DIOXIDE, AND OF THE TRANSITION BETWEEN GRAPH- 
ITE AND DIAMOND 


By Frederick D. Rossini and Ralph S. Jessup 


ABSTRACT 


There are reviewed the existing data on the entropies of oxygen, carbon diox- 
ide, graphite, and diamond, and those on the heats of combustion of natural 
and artificial graphite and of diamond, including the results recently obtained in 
a joint investigation by the National Bureau of Standards and the Coal Research 
Laboratory of the Carnegie Institute of Technology. The new thermochemical 
data are combined with values of the entropies to obtain values for the heat and 
free energy of formation of carbon dioxide, and for the transition between graphite 
and diamond. 

For C (e, graphite) +0, (g) CO, (g), at 25° C, per mole, AH°=— 393,355 
46 NBS international joules, or —94,030 +11 calories, and AF°=—394,228 
+58 NBS international joules, or —94,239 +14 calories. 

For C (e, graphite) =C (c, diamond), at 25° C and 1 atmosphere, AH 1,899 
+124 joules, or 454 +30 calories, and AF =2,872 + 129 joules, or 686 +31 calories. 
For this transition, the following equation is derived, with some approximations, 
for the range 7’'=273° to 1,400° K, and P=0 to 20,000 atmospheres: AF =541.82+ 
6700/7'+-1.17662 T log T'—2.43723 T—0.000221 7 2— [0.045660 + 0.91236 X 10-*T’ 
—0.7830 X 107° T? — 0.3623 X 10°" 7' 8] P+0.19X10-*P? calories per mole. (In 
all of the foregoing values, conversion from the NBS international joule to the 
conventional calorie is made with the factor 1/4.1833.) 
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I. INTRODUCTION 


From a review made several years ago on the thermochemistry of 
carbon [1, 2), it appeared that there were several forms of graphite, 
none of which were very reproducible [3, 4]. Asa result of that review, 


' Figures in brackets indicate the literature references at the end of this paper. 4 
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Bichowsky and Rossini [2], for their table of the heats of formatio, 
of the chemical substances, selected diamond as the standard state for 
carbon, because it seemed to be the only truly reproducible form of 
solid carbon. However, the esperimenial data recently obtained ; in 
joint investigation by the Coal Research Laboratory, of the C armeg 
Institute of Technology, and the National Bureau of Standards, an4 
reported in the preceding papers by Dewey and Harper [5] and Jean 
[6], throw an entirely new light upon the thermochemistry of ¢; rbon, 
These new data make necessary a reselection of the standard state for 
carbon, and a revision of the present accepted values for the heat and the 
free energy of formation of carbon dioxide (from oxygen and graphite 
or diamond) and of the transition between graphite and diamond. 

Because the heats of formation of most organic compounds contaip- 
ing carbon and hydrogen, or carbon, hydrogen, and oxygen, are de. 
rived from values for the heats of combustion of the organic com. 
pound and for the heats of formation of water and carbon dioxide. jt 
is desirable to have accurate values for these two latter constants.? |p 
this connection, two points should be noted: (1) In the calculation. 
from values of heats of formation, of the heats of all those reactions iy 
which neither of the elements hydrogen or carbon appears among the 
reactants or the products, the values actually assigned to represent the 
heats of formation of water and carbon dioxide are not important since 
they cancel out in the calculation; and (2) in calculating, from the 
values of heats of formation, the heat of a reaction in which solid 
carbon is one of the reactants or products, it is important to use the 
proper value for the heat of formation of the given solid carbon, the 

value being zero if the given form of carbon is that of the selected 
standard state. 

The purpose of the present report is to select frcm the new data a 
“‘best’’ value for the heat of formation of carbon dioxide (from oxygen 
and graphite or diamond) and for the heat of transition between 
graphite and diamond, and to combine these values with the best 
existing values for the entropies of carbon dioxide, oxygen, graphite 
and diamond to obtain values for the free energy of formation 0! 
carbon dioxide and for the transition between graphite and diamond 


II. REVIEW OF THE DATA ON THE HEATS OF 
COMBUSTION OF GRAPHITE AND DIAMOND 


1. GRAPHITE 


Prior to 1938, data on the heat of combustion of graphite (see refer- 
ence [2]) were reported by Grassi [11], Andrews [12], Favre and 
Silbermann [13], Berthelot and Petit [14], Mixter [15], Roth and 
Wallasch [3], Roth and Naeser [4], and Plummer [16]. With the 
exception of the three last-named investigations, all of this earlier 
work may be considered to be of historical interest only. On samples 
degassed in vacuo at 1,000° C, Plummer [16] reported very high 

values. In this connection, Dew ey and Harper [5] found it nec essary 
to place a liquid-air trap between the vacuum system and the sample, 
in order to avoid having adsorption of oil-pump vapors by the graphite 
and consequent increase (as much as 0.85 percent) in the observed 
heat of combustion. 

? For a more extended discussion of the assembly of a table of heats of formation, see pages 233-234 of ref 


erence [7], pages 1424-1425 of reference [8], and pages 9-16 of reference [2]. For the accepted “‘best’’ value for 
the heat of formation of water, see references [¢, 10, and 61). 
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In 1934, Rossini [1] recalculated the data of Roth and his coworkers 
on what they reported to be ‘‘8” graphite, making the Washburn [17] 
duction to 1 atmosphere and taking 1 mole of carbon to be 12.007 g.° 
Correcting the calculated value to the 1938 atomic weight of carbon, 

12,010 [19], there is obtained for the heat of the reaction 


C (ce, graphite) +O, (g)=CO, (g). (1) 
AF y.1g8= — 94,220 +80 cal/mole.* (2) 


for “8” graphite, at a pressure of 1 atmosphere. This value represents 


J 


data obtained by Roth and his coworkers on samples of artificial 
oraphite from different sources, including Acheson, Hochofen 1, 
Hochofen II, Roheisen, and Spiegeleisen, and on samples of natura- 
graphite from different sources, including Ceylon I, Alibert, Bayer- 
Wald, and Ticonderoga I. 

Calculations made in a similar manner on the data reported by Roth 
and coworkers [3, 4], for what they termed ‘a’ graphite, yield for the 
heat of formation of carbon dioxide according to reaction 1, 


AH ms 13= —93,920+ 100 cal/mole (3) 


from “a” graphite, at a pressure of 1 atmosphere. These data were 
obtained on three different samples of natural graphite, Pargas, 
Ceylon II, and Ticonderoga IT. 

On still another sample of graphite, which may be labelled inter- 
mediate, Roth and his coworkers reported data which lead to 


AF ogg 1g= — 94,110 +100 cal/mole (4) 


for the heat of reaction 1 at a pressure of 1 atmosphere. Roth sug- 
cested that this “intermediate” graphite might be a mixture of the 
“a” and “6” forms, or even possibly a third form of graphite. These 
data were obtained on a sample of natural graphite, Ticonderoga III. 

The different purifying treatments to which Roth and his coworkers 
subjected the various samples of graphite included on different 
samples, the following: 

(1) On “B” graphite-—(a) No treatment; (b) treatment successively 
with hydrochloric acid, hydrofluoric acid, a mixture of hydrochloric 
and hydrofluoric acids, and hydrochloric acid; and (c) treatment suc- 
cessively with hydrofluoric acid, hydrochloric acid, chlorine, and ‘‘red 
heat.” 

(2) On “a” graphite—(a) No treatment; (b) treatment with fused 
sodium and potassium carbonates, and (c) treatment with hydro- 
chloric acid. 

(3) On “intermediate” graphite—(a) No treatment; (b) treatment 
with hydrochloric acid; (c) treatment successively with aqua regia 
and hydrofluoric acid, and (d) treatment successively with hydro- 
chloric acid, nitric acid, and hydrofluoric acid. 


_' Roth and his coworkers determined the amount of reaction from the mass of sample placed in the crucible 
in the bomb less the mass of solid material remaining in the bomb after the combustion. In 1934, the atomic 
weight of carbon was given in the international table as 12.00 [18]. 

h, See footnote 12 concerning the unit of energy. In the equations, the symbol ‘‘c” is an abbreviation for 
the word crystalline. 
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In connection with the above samples, Roth and his coworkers foun, 
little correlation between the method of treatment and the res,); 
obtained for the heat of combustion. On a sample of Kahlbaum’, 
Siberian graphite, however, Roth and Wallasch [3] reported the 
following data: 


Heat of 
combustion 
(calories per | 

gram) 


Ash content 
Treatment (percent by 
weight) 





> 7,685 | 
About 7, 765 | 
Hydrofluoric acid, hydrochloric acid, chlorine ; 7,810 
Hydrofluoric acid, nitric aci é 7,820 | 
Hydrofluoric acid, hydrochloric acid, chlorine 7, 820 











Concerning these results, Roth and Wallasch [3] stated: 


* * * that the value obtained for the heat of combustion increased wit} 
decrease in the ash content; that this correlation might be due, in part, to the 
fact that the impurity may have been converted to a fine dust or volatilized 
during the combustion and minutely distributed throughout the bomb; and that, 
as a result, the amount of ash determined after the combustion would be low, 
yielding a high value for the amount of carbon burned and a low value for the 
heat of combustion per gram of carbon. 

In his review of the data in 1934, one of the writers (Rossini) wrote 
the following [1]: 

The existing data on the heat of formation of carbon dioxide may therefore be 
said to be quite unsatisfactory, and an accurate determination of this fundamental 
thermal constant is urgently needed. Any new determination of the heat of for- 
mation of carbon dioxide carried out by combustion of carbon in a bomb calorim- 
eter should provide (a) for the accurate specification of the conditions of the 
bomb process in order that the Washburn correction may be made accurately, 
and (b) for the accurate determination of the amount of the reaction, preferably 
from the mass of carbon dioxide formed, in order to make insignificant the un- 
certainty in the value of the atomic weight of carbon and to eliminate the effect 
of the possible presence of incombustible impurities in the samples of carbon. 

The new work on the thermochemistry of carbon [5, 6] fulfills the 
foregoing requirements, and therefore serves to provide a value for 
the heat of formation of carbon dioxide that appears to be as accurate 
as it is possible to determine with present-day apparatus. 

In table 1 is given a summary of the new results obtained by Dewey 
and Harper [5] and Jessup [6], on two samples of very pure artificial 
graphite of “spectroscopic” grade and samples of natural graphite 
from four different sources, Ceylon, Buckingham, Baffin Island, and 
Ticonderoga. The details of these experiments are given in the two 
papers cited [5, 6]. Of this new work, it is important here to note 
the following: 

1. The samples of natural graphite burned by Dewey and Harper 
were treated only by grinding, discarding the material not passing 4 
150-mesh screen, and heating the remainder in vacuo for 6 hours at 
225° C. When so prepared, the samples of Buckingham, Baffin 
Island, and Ticonderoga graphite yielded values substantially identi- 
cal with those of two samples of artificial graphite, in spite of the fact 
that these three samples of natural graphite contained, respectively, 
0.25, 1.7, and 0.38 percent of ash, as compared with 0.00 percent of 
ash for the two samples of artificial graphite. On the other hand, the 





Rot 
Jes 


Free Energy of Formation of Carbon Dioxide 495 


Rossint) 
Jessup 
sample of Ceylon graphite, which contained 2.3 percent of ash, gave 
, value about 0.15 percent lower. From this, it appears that the 
foreign material contained in the samples of Buckingham, Baffin Is- 


land, and Ticonderoga graphite was substantially inert in these com- 


pustion experiments, where the amount of reaction (see page 494) was 
determined from the mass of carbon dioxide formed, while the foreign 
material in the sample of Ceylon graphite was significantly not inert. 


TaBLE 1.—Summary of the new data of Dewey and Harper and of Jessup on the 
heat of combustion of graphite, according to the reaction, C (c, graphite) + O2 (g)= 
CO, (g), at 25° C and a pressure of 1 atmosphere 








Mean value 
of -—AH 
international 
joules per 
mole 


Num- 
ber of 
experi- 
ments 


Ash 


Sample of oe Investigators 


phite Treatment 
grapnl 


y 
weight) 





Ceylon- - 

Buckingham... 
Baffin Island_ - - 
Ticonderoga. - - 
Artificial No. 0. 
Artificial No. 1.-- 





Heating to 225° C, in vacuum. 


(392,770 +100) 
393, 360 +130 
393, 380 +250 
393, 330 +110 
393, 400 +170 
393, 260 +150 


Dewey and Harper[5]. 
0. 
Do. 
Do. 
Do. 
Do. 











Mean value of all the last 21 individual experiments above | 393,350 +110 | Dewey and Harper [5]. 


(excluding those on Ceylon). 





(392, 457 
393, 405 


393, 397 


+75) 


Jessup [6]. 
+75 Do. 


Ceylon. 


Do...- 
ne 


vacuum. 


Treatment with HCl and Do. 
HF 


+103 


Treatment with HCl and 393, 327 +126 Do. 
HF, plus heating to 1,820° 
C, in vacuum. 

Heating to 1,820° C, 

_vacuum. 


None 


a 


Do. 


Do. 
Do. 


393, 313 


393, 452 
393, 441 


Buckingham. - -- in +59 
+63 
+99 


Artificial No. 1. . . 00 
Artificial No. 2... . 00 














Mean value of all the last 24 individual experiments above | 393,396 +51 | Jessup [6]. 


(excluding those on untreated Ceylon). 











2. On identical samples of graphite burned both by Dewey and 
Harper and by Jessup, namely, untreated Buckingham, untreated 
Ceylon, and the two samples of artificial graphite, substantially the 
same respective values of the heats of combustion were obtained in the 
two investigations—the value of — AH for reaction 1, at 25° C and 1 
atmosphere, in NBS international joules per mole, being in the range 
393,260 to 393,452 for all except the Ceylon graphite, which gave 
values in the range 392,457 to 392,770. 

3. The foreign material in the Ceylon graphite can be largely re- 
moved, and the remainder made substantially inert, either by heating 
the sample in vacuo to about 1,800° C or by treating it at room tem- 
perature with aqueous hydrochloric and hydrofluoric acids. 

4. No significant change occurs in the energy content when a sam- 
ple of Ceylon graphite, which has been chemically purified at tem- 
ror below 200° to 300° C, is subsequently heated in vacuo to 
_ These new data show that the energy content of 1 mole of carbon 
in the form of graphite is the same, within the narrow limits of the 
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modern accurate measurements, for pure artificial graphite and for th, 
natural graphites of Ceylon, Ticonderoga, Buckingham, and Baff 
Island. From the fact that this energy content is the same for the 
man-made samples of graphite as for those produced by nature jp 
widely scattered places on the earth, it may be concluded that, wit) 
respect to energy content, graphite is a thermodynamically repro. 
ducible form of carbon. 

Taking the two mean values of all the final individual experiment; 
performed by Dewey and Harper and by Jessup, and weighting the 
two mean values inversely as the squares of their assigned uncer. 
tainties, there is obtained for the heat of reaction 1, for graphite, g 
25° C and 1 atmosphere, 


AH xs. 16= —393,388 +46 NBS int. j/mole. 


This value gives the heat of combustion of graphite in oxygen to 
form carbon dioxide when each of the substances is at an actual 
pressure of 1 atmosphere. On correcting the gases, oxygen and carbon 
dioxide, to the hypothetical thermodynamic standard state ® of unit 
fugacity (of 1 atmosphere), there is obtained for reaction 1 


AH 095 1g== — 393,355 +46 NBS int. j/mole,® 
or in terms of the defined calorie, this is 
AF 2x98. 16= — 94,030 +11 cal/mole.’ 


It is interesting to note that the values computed from the data of 
Roth and his coworkers on ‘‘a’”’ graphite, as given by eq 3, and on the 
“intermediate” graphite, as given by eq 4, arein accord with the above 
value given by eq 7, within the assigned limits of uncertainty, while the 
value computed for “‘s”’ graphite, as given by eq 2, differs from the 
value given by eq 7 by more than the combined uncertainties of the 
two values. 

The question remains whether or not other forms of graphite exist. 
There is some evidence on this point in data on the density of purified 
samples of graphite. Values of the density of graphite reported by 
various observers are given in table 2. The data of Le Chatelier and 
Wologdine [20] were obtained on samples of both artificial and natural 
graphite from various sources. The purification treatment, involving 
both physical and chemical means, consisted in the following: heating 
to a dull red heat; treating with nitric acid; treating with fused potas- 
sium hydroxide; and, after appropriate washing and drying, subjecting 
to a pressure of 5,000 kg/cm? to remove air. It is seen from table? 
that the densities of all the purified samples of Le Chatelier and 
Wologdine are in the range 2.255 to 2.264, although the values for the 
unpurified samples range from 1.62 to 2.66. 

Arsem [63] investigated samples of petroleum coke, coal coke, retort 
carbon, and lampblack, which materials are known to be far from pure 
carbon, containing varying amounts of different impurities, the most 
important of whichis hydrogen. Arsem heated these samples to about 
3,000° C (not in vacuo) and obtained values of density for the resulting 

’ The heat content of a gas in the hypothetical thermodynamic standard state is the same as that of the 
real gas at zero pressure at the same temperature (see reference [50]). For Os (g) and COs (g) at 25° C, the 
value of H?=!—H]P~ is calculated to be —8.4 and —41 j/mole, respectively. 

6 The superscript zero placed on a thermodynamic symbol indicates that all the substances involved art 


n their thermodynamic standard states, 
7 See footnote 12, page 501. 
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materials ranging from 2.080 to 2.265. Arsem stated that all the 
materials which resembled graphite after the heat treatment had 
densities in the range 2.25 to 2.265, and expressed the opinion that 
che samples of lower density had not been converted into graphite. 
In the opinion of the present writers it is possible that, for those 
samples having the lower densities, the impurities in the original 
samples may not all have been removed in the short time of heating 
(15 minutes) at atmospheric pressure. For this reason only the values 
9950 to 2.265 are given in table 2 as the values obtained by Arsem 
for the density of graphite. 


TapLE 2.—Summary of the values of the density of graphite reported by various 
observers 








Tem- 
pera- 
ture of 
meas- 
ure- 
ment 


Values of density reported 





Observer 
After purifi- 


Before puri- [ 
cation 


fication 





g/cm 8 °C 
2.255 | 14 to 18 
2. 255 | 14 to 18 
2.255 | 14 to 18 
2. 262 | 14 to 18 
2. 255 | 14 to 18 
2.256 | 14 to 18 
2. 255 | 14 to 18 
2. 264 | 14 to 18 
2. 216 
2. 250 to 2. 265 


g/cm * 
1.62 to 2.05 
2. 25 


LeChatelier and Wologdine 
[20]. 
Mugrau 
Scharzbach 
Commerce 
Artificial 


Cohen and Olie [21] 
Artificial 


Arsem [63] 


Roth and coworkers [3, 4]_--.- 


“a (6 Samples) ......-...-... 
yp a | ee 
‘a’? (4 samples) 

“Intermediate” (1 sample) _- 


2. 210 to 2. 229 
2. 261 to 2. 265 
2. 252 to 2. 260 

2. 255 


Artificial 2. 232 


Ryschkewitsch and Kdéster- 
n [22]. 


2. 236 +0. 050 
2. 228 +0. 035 
2.195 +0. 055 
2. 268 +0. 008 

€ | 2. 265 +0. 001 
Artificial (2 samples) ......-- 2. 269 


ret 
Bernal [67] 
Hassel and Mark [68]._...._- 
Ott [69]. 
Hofmann and Wilm [52} 
Trzebiatowski [65] 


Lamb and Ohl [23] 





PE hig oem caaceacascle 
Artificial and natural 

















The value reported by Cohen and Olie [21] was for a sample of 
artificial graphite which was prepared in the electric arc, contained no 
measurable amount of ash, had been dried to constant weight at 120° 
to 130° C, and subjected to a pressure of 5,000 to 10,000 atmospheres. 

The value reported by Ryschkewitsch and Késtermann [22] is the 
mean of values ranging from 2.230 to 2.235 obtained on globules of 
graphite which had been fused in the electric are under a pressure of 
12mm of mercury. These authors refer to the work of LeChatelier 
and Wologdine and express the opinion that density values obtained 
with samples of graphite which had been subjected to high pressure 
would be too high. The present writers are of the opinion that it is 
more likely that samples of graphite which were prepared in the 
ianner described by Ryschkewitsch and Késtermann would contain 
voids as a result of bubbles forming in the fused graphite at the low 
pressure. 

From X-ray diffraction data, Bernal [67], Hassel and Mark [68], 
and Ott [69] reported the following values for the lattice constants of 
graphite, a and c¢, respectively, in A (10-8em): Bernal, 2.45 +0.03, 
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6.82 +0.04; Hassel and Mark, 2.46, 6.79; and Ott, 2.48, 6.78. Ty, 
values of density of graphite attributed to these authors in Table » 
were calculated by the present writers from the above data, using th, 
values 12.010 for the atomic weight of carbon, and 6.06 10* fo, 
Avogadro’s number. 

Hofmann and Wilm [52] reported for the lattice constant of sodiyn 
chloride the value 5.626 +0.001 A, and for the lattice constants of 
graphite the values a=2.455 +0.002 A, c=6.69 +0.01 A. The presen; 
writers have calculated the value for the density of graphite attributed 
to Hofmann and Wilm in table 2 from the above data, using the valy 
2.1642 +0.0001 reported by Tu [66] for the density of rock salt. 

Trzebiatowski [65] reported for the lattice constant of diamond the 
value a=3.55957 A, and for the lattice constants of graphite the values 
a=2.4561 A, c=6.6950 A, all at about 20°C. The value for the density 
of graphite of Trzebiatowski in table 2 was calculated by the present 
writers from the above data, together with the value 3.513 reported 
by Adams for the density of diamond at 25° C. 

The values of density reported by Roth and his coworkers [3, 4) 
were obtained on the samples of graphite, the heats of combustion of 
which they determined. Concerning these data, Roth and Naeser 
[4] stated that with two exceptions, a high density corresponds to a low 
heat of combustion, and, further, concerning the data of LeChatelier 
and Wologdine [20], that a pressure of 5,000 kg/cm? may have changed 
“8” graphite into “‘a’’ graphite. 

Burns and Hulett [64] made density measurements on three samples 
of natural graphite and one sample of artificial graphite. Their density 
values differ considerably from those of most other observers, and have 
not been included in table 2, as representative of pure macrocrystalline 
graphite, for the following reasons: (1) Some of the samples contained 
considerable amounts of impurities which may have caused appreciable 
errors in the measured densities; and (2) the samples which had been 
treated with fuming nitric acid, and subsequently heated, suffered a 
large increase in volume, and the resulting material may also have 
contained graphitic oxides as impurities. 

Lamb and Ohl [23] obtained the same value for the density of each 
of two samples of graphite, one of which was an artificial graphite 
having a carbon content of 96.19 +0.04 percent, the remainder being 
oxide of iron; while the other sample was prepared by evaporation of 
silicon from silicon carbide, and had a carbon content of 99.92 +0.04 
percent. 

It is seen from table 2 that all of the density values for purified 
graphite are in accord with the value 2.260 +0.010, within the respec- 
tive limits of uncertainty, with the following exceptions: 

1. One sample of artificial graphite of high purity, which had been 
subjected to a pressure of 5,000 to 10,000 atmospheres, was observed 
by Cohen and Olie [21] to have a density of 2.216. 

2. Six samples of “8” graphite were observed by Roth and coworkers 
[3, 4] to have densities ranging from 2.210 to 2.229. 

3. The density values reported by Burns and Hulett have not been 
included by the present writers for the reasons given above. 
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4. Several samples of the same graphite which had been fused in 
the electric are were observed by Ryschkewitsch and Késtermann [22 
io have densities in the range 2.230 to 2.235. 

As noted above, there is some reason for suspecting that the results 
of the last-mentioned measurements may have been too low on account 
of voids in the samples. In regard to the results of Roth and his 
coworkers, the fact that the “intermediate” graphite and two of the 
“3” graphites had densities as high as those of the “a” graphites 
throws some doubt upon the correlation of density with heat of com- 
bustion, as suggested by Roth and Naeser [4]. Also, the fact that the 
“3” graphites observed by Roth and his coworkers to have low densi- 
ties had not been subjected to pressure, as were the samples investi- 
gated by LeChatelier and Wologdine [20], raises the question whether 
these low values of density might not have been caused by voids in 
the graphite. There remains, therefore, only one low density value, 
that of Cohen and Olie, for which no plausible explanation has been 
found. 

After considering both the data on heats of combustion and on 
densities, the present writers are of the opinion that, while there may 
possibly be more than one form of crystalline graphite, the existing 
data do not establish this as a fact; and, further, it is their belief that 
the great variations reported in the values of different properties of 
samples of artificial and natural graphites may be due entirely to the 
presence of impurities or voids in the samples subjected to measure- 
ment, and in the case of heats of combustion to the method of deter- 
mining the amount of reaction. As has already been stated in an 
earlier paper [7], it is the burden of every investigator to analyze 
carefully the chemical compounds which are being subjected to 
measurement, both the reactants and the products if a reaction is 
involved, in order to establish beyond reasonable doubt the purity 
of the compounds, or reaction, being studied. As is the case for any 
pure chemical substances, the preparation of a ‘“‘pure’’ sample of 
graphite, which is to be subjected to measurement of a given chemical 
or physical property, should involve such an amount of purifying 
treatment as will substantially remove all impurities which are sig- 
nificant in amount and not “inert” in the measurement which is to 
bemade. Until more definite information to the contrary is obtained, 
it would seem desirable to assume the existence of only one form of 
graphite; namely, that which is represented by the samples of the 
artificial and natural graphites described by Dewey and Harper [5] 
and Jessup [6]. Since these samples were selected quite at random, it 
would be expected that any other form of graphite, if it exists, must 
occur in limited abundance. Furthermore, it should also be estab- 
lished that a new form, if found, is a definite and reproducible one. 


2. DIAMOND 


Prior to 1938, data on the heat of combustion of diamond were 
reported by Andrews [12], Favre and Silbermann [13], Berthelot and 
Petit [14], Roth and Wallasch [3], and Roth and Naeser [4]. With 
the exception of the work of Roth and his coworkers, all of these in- 
vestigations may be considered to be of historical interest only. 

In 1934, Rossini [1] recalculated the data of Roth and coworkers 
(3, 4] on diamond, making the Washburn [17] reduction to 1 atmos- 
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phere and taking 1 mole of carbon to be 12.007 g.°_ Correcting to th, 
1938 atomic weight of carbon 12.010 [19], and making the Washbyn, 
correction on the basis of the data obtained by Roth and Naeser wit} 
their microbomb [4], the writers calculate for the heat of the re actioy 


C (ec, diamond)+0,(g)=CO,(g) 
AH 13= —94,410+100 cal/mole 
at a pressure oi 1 atmosphere. 


TABLE 3.—Summary of the data obtained by Jessup [6] on the heat of combustion, of 
diamond 


[C (ce, diamond) +0s (g) =COs (g)] 





Average par- Ash on AH at 25° C ang 
Sample No. ticle diame- | combus- a@ pressure of | 
ter! tion atmosphere 








Percent by 
10- a weight NBS int. j/mole 
0. 05 —395, 771 +15 











2.5 
22.9 to 39.5 0. 02 —395, 287 +4115 





1 See Jessup [6] for method of determination. 


A summary of the new data on diamond obtained by Jessup [6] is 
given in table 3. The two values given in this table differ by 484 
}/mole, or 0.12 percent, which difference is nearly twice the sum of the 
calealetel uncertainties of the two values.® As pointed out in the 
paper by Jessup [6], the difference between the values of the heat of 
combustion of diamond is in the direction to be expected from the 
relative sizes of the particles in the two samples, but the difference is 
greater than would be expected from the sizes actually measured, 
Although the difference in the two values in table 3 is small, it is 
definitely greater than the experimental uncertainty, and appears to 
be attributable to some phenomena (probably surface) associated 
with the nearly microcrystalline form of sample 1, since the specific 
surface, in square centimeters per gram, for this sample is about 250 
times greater than that for the coarser fraction of sample 2 (see Jessup 
[6]). Sample 2 may be considered representative of macrocrystalline 
diamond.”° 

It appears, therefore, that the “best” value for the heat of forma- 
tion of carbon dioxide, from macrocrystalline diamond and oxygen, 
according to reaction 8, at 25° C and a pressure of 1 atmosphere, may 
be taken as 


AH xs.146= — 395,287 +115 NBS int. j/mole. (10) 


® See footnote 3. 

§ The uncertainties given in table 3 include the uncertainties of the calibration experiments and of the value 
used for the heat of combustion of benzoic acid, as well as the uncertainty of the combustion experiments on 
the diamond. Since the calorimetric system was identical in the experiments on the two sample 
mond, the uncertainty to be used in the direct comparison of the two values should be that calculat 
from the precision of the combustion experiments on diamond. These latter are +120 and +64 j/mole { 
samples 1 and 2, respectively. The values in table 3 differ by 2.6 times the sum of these latter precision 
uncertainties. j 

10 A discussion of the significance, with respect to the energy content, of the new and rare form of diamond 
recently reported by Robertson, Fox, and Martin [49] is given in the preceding paper by Jessup. 
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Qn correcting the gases oxygen and carbon dioxide to the thermo- 
irnamic standard state," there is obtained for reaction 8 


AH o9g-18= — 395,254 +115 NBS int. j/mole, or —94,484 +28 
cal/mole. (11) 


it is interesting to note that the value calculated from the work. of 
Roth and his coworkers, as given by eq 9, is in accord with the above 
value from the work of Jes ssup within ‘the assigned limits of un- 


certainty. 


I. REVIEW OF THE DATA ON THE ENTROPIES OF 
OXYGEN, CARBON DIOXIDE, GRAPHITE, AND DIAMOND 


The entropy of gaseous oxygen at 25° C has been accurately de- 
fermined from statistical calculations, utilizing spectroscopic and other 
molecular data, by Giauque and Johnston [24] and Johnston and 
Walker [25]. (See also Lewis and von Elbe [26].) These statistically 

alculated values are practically identical with one another, and are 
confirmed by calculations made according to the third law of thermo- 
jynamies, utilizing calorimetric data on heat capacities, and heats 
of transition, fusion, and vaporization, down to about —261° C, by 
Giaugue and Johnston [24]. (See also Clusius [27] and Eucken [28].) 
For the entropy of 1 gram-mole of O, (gas), in the standard state 
fugacity equal to 1 atmosphere) at 25° C, the various values ex- 
pressed in calories per degree-mole, are: 

Giauque and Johnston [24], statistical 49.03 +0.02 
Johnston and Walker [25], statistical 49.019 +.010 
Giauque and Johnston [24], third law ; 49.09 +.10 

The “best”? value for S245 for O, (g) may be taken as 205.061 
+0.040 NBS int. j/deg-mole, or 49.019 +0.010 cal/deg-mole.” 

The entropy of gaseous carbon dioxide at 25° C has been accurately 
cal leuls ited statistically by Badger and Woo [32], Gordon [33], Kassel 
al, Kelley [35], and Giauque and Egan [36]. (See also Gordon and 

Jarnes [37].) These values are in accord with one another, and are 
confirmed by the accurate value obtained by Giauque and Egan [36] 
according to the third law from calorimetric data down to about 
-258° C. For the entropy of 1 gram- -mole of CO, (gas) in the stand- 
ard state of unit fugacity at 25° C, the various values, in calories 
per degree-mole, are: ! 

Badger and Woo [32], statistical. .._...........-.----- 51.07 +0.03 
Gordon [83], statistical _ - --- -- -- ; 51.09 +.02 
Kassel [34], statistical 51.084 +.010 
Kelley [35], statistical _ oD +.03 


Giauque and Egan [36], statistical 
Giauque and Egan [36], third law 


'! See footnote 5. 
a Aye calorie used in this paper is the defined calorie, taken as equal to 4.1833 int. j [7]. In terms of this 
t, the gas content R has the value 1.9869 +0.0003 cal/deg/mole, when the absolute temperature of the 
J pr int is taken as 273.16 +0.02° K [29], 1 NBS int. j is taken as 1.0003 absolute j [30], and (PV)9°q =(R‘7) 
C is taken as equal to 2,271.11 +0.24absolute j/mole [31]. Within the assigned limits, the numerical values 
reported by the various investigators have been appropriately converted. The uncertainties assigned 
cit 16 values of entropy are relative, because only values of AS are actually used in the present 
ucwations, 
‘The superscript zero on the symbol S (for entropy) indicates the hypothetical thermodynamic state 
> gas with fugacity equal to 1 atmosphere. 
See footnotes 12 and 13. 


94848—38——9 





502 Journal of Research of the National Bureau of Standards 1y,,, 


The ‘‘best”’ value for S°25 15 for CO, (g) may be taken as 213 79) 
+0.040 NBS int. j/deg-mole, or 51.084 +0.010 cal/deg-mole. 

Calorimetric measurements, down to low temperatures, of the hea; 
capacity of crystalline carbon in the form of graphite have been mad, 
by Nernst [38], and Jacobs and Parks [39]. Koref [40] made sever) 
isolated measurements. (Seealso Weber [41].) Jacobs and Parks (39) 
combined their data in the range from about 90° to 300° K with 
those of Nernst [38] in the range from about 30° to 90° K, and 
from the third law, deduced a value for the entropy at 25° ¢ 
Their result, corrected to a value of 12.010 for the atomic weight of 
carbon [19], and expressed in terms of the units used in the present 
report, becomes 5.712 +0.100 NBS int. j/deg-mole, or 1.365 +0,09; 
cal/deg-mole. This value, which may be taken as the present “‘best” 
one for S°o..1¢ for C (c, graphite) is in accord, within the respective 
limits of uncertainty, with values calculated from the data of Nerns; 
[38], by Lewis and Gibson [42], Rodebush and Rodebush [43], Clusiys 
and Woitinek [44], Terebesi [45], and Kelley [46]. (See also Kelley 
47].) ; 
Measurements, down to low temperatures, of the heat capacity of 
crystalline carbon in the form of diamond have been made by Nernst 
[38] and Pitzer [48], with some isolated measurements by Weber [4]| 
and Robertson, Fox, and Martin [49]. The recent measurements of 
Pitzer [48], with which all of the older data are in substantial accord 
within their respective limits of uncertainty, cover the range from 
70° to 288° K, and yield for the entropy of 1 mole (12.010 g) of 
diamond, at 25° C, the value 2.448 +0.040 NBS int. j/deg-mole, or 
0.585 +0.010 cal/deg-mole. The foregoing value is in substantial 
accord with those calculated from the then existing data by Lewis 
and Gibson [42], Rodebush and Rodebush [43], Clusius and Woitinek 
[44], and Kelley [46]. 


IV. SELECTED “BEST” VALUES FOR THE HEAT, ENTROPY, 
AND FREE ENERGY OF FORMATION OF CARBON DIOXIDE 


The “best” value for the heat of formation of carbon dioxide from 
oxygen and graphite, with each substance in its thermodynamic 
standard state, according to the reaction 

C (c, graphite) +O, (g)=CO, (g) 
is that given by eq 6 and 7; namely, 
AH 295 16= — 393,355 +46 NBS int. j/mole, 


AH x08 16= — 94,030 +11 cal/mole. 


From the selected “best’’ values (see pages 501-502) for the entrop- 
ies of graphite, oxygen, and carbon dioxide, the change in entropy 
for the formation of carbon dioxide according to reaction 1 1s 


AS? os. 16=2.927 +0.121 j/deg-mole,or 0.700 +0.029 cal/deg-mole. (12) 


15 See footnote 12. 
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Utilizing the thermodynamic relation 


AF=AH— TAS, (13) 


and taking 0° C=273.16° K, the change in free energy at 25° C for 
reaction 1 is calculated to be 


AF°o9s.18= — 394,228 +58 NBS int. j/mole, or —94,239 +14 cal/mole. 
(14) 


In a similar manner, for the formation of carbon awoxide from 
diamond and oxygen, according to the reaction 


C (c, diamond)+O, (g)=CO, (g) (8) 
the following values are calculated: 


AH? og. 16= —395,254 +115 NBS int. j/mole, or —94,484 +28 cal/mole 
(15) 


AS? oo 16-= 6.191 +0.073 j/deg-mole, or 1.480 +0.017 cal/deg-mole (16) 


AF xg 16-= —397,100 +116 NBS int. j/mole, or —94,925 +28 cal/mole. 
(17) 


From the data of Johnston and Walker [25] on oxygen and of Kassel 
(34] on carbon dioxide, there are obtained, for the gas in the thermo- 
dynamic standard state, the following values for the heat content at 
25° C referred to the absolute zero of temperature, H° 9. 143—H°y: O» 
(z), 8652.3 +3.0 NBS int. j/mole, or 2068.3 +0.7 cal/mole; CO, (g) 
9369.3 +4.0 NBS int. j/mole, or 2239.7 +1.0 cal/mole. From a plot 
of the data on the heat capacity of graphite by Jacobs and Parks 
(39] from 90° to 300° K, and by Nernst [38] from 30° to 90° K, with 
an appropriate extrapolation to 0° K, the present writers obtain for 
C (c, graphite), H°ss.1s—H°o=1053.8 +12.5 NBS int. j/mole, or 
251.9 +3.0 cal/mole. Combining these three values for H°o3 :,—H°, 
with eq 6 and 7, there is obtained for the heat of reaction at the ab- 
solute zero of temperature for 


C (c, graphite) +O, (g)=CO, (g) (1) 
AH°,= —393,018 +48 NBS int. j/mole, or —93,949 +11 cal/mole (18) 


From a plot of the data on the heat capacity of diamond by Pitzer 
'48] from 70° to 300° K, with an appropriate extrapolation to 0° K, 
ithe present writers obtain for C (c, diamond), 


FT x5 1s— Ho = 536.8 42.5 int. j/mole, or 128.2 +0.6 cal/mole. 


Combining this value and those given above for oxygen and carbon 
dioxide with eq 15, there is obtained for the heat of reaction at the 
pebsolute zero of temperature for 


C (c, diamond) +O, (g)=CO, (g) (8) 


AH°,=—395,435 +115 NBS int. j/mole, or —94,527 +28 cal/mole. 
(19) 
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V. HEAT, ENTROPY, AND FREE ENERGY OF Typ 
TRANSITION BETWEEN GRAPHITE AND DIAMOND 


From the thermodynamic values given by eq 6 and 7, the form), 
13, and the values of the entropies of graphite and diamond age 
501 and 502), there may be calculated for the transition of erysta) 
line carbon from the form of graphite to that of diamond, 


C (c, graphite)=C (c, diamond), 9 
the following thermodynamic values for a pressure of 1 atmosphere 
AH 195.16= 1,899 +124 j/mole, or 454 +30 cal/mole. (9 

AS* 99.16= — 3.264 + 0.113 j/deg-mole,or —0.780 + 0.027 cal/deg-mole, (29 
AF °998.185= 2,872 +129 j/mole, or 686 +31 cal/mole. (93 


Utilizing the values for H°2..4,—H®°, already given for graphite 
and diamond (see page 503) together with eq 21, “there is obtained 
for the heat and free energy of the transition 


C (c, graphite)=C (c, diamond) 
at the absolute zero of temperature. 
AH°,=AF°,=2,417 +125 j/mole, or 578 +30 cal/mole. 


From a review of the available data on the heat capacities of 
graphite and diamond, Kelley [51] deduced the following equations 
to give the heat capacities as a function of the absolute temperature 7: 

For C (c, graphite), in the range from 273° to 1,373° K, with an 
estimated accuracy of about 2 percent. 


C,=2.673 + 0.002617 T—116900/ 7? cal/deg-mole. 


For C (c, diamond), in the range from 273° to 1,313° K, with an 
estimated accuracy of about 3 percent, 


C,=2.162+- 0.003059 T— 130300/T7? cal/deg-mole 
Combination of eq 21, 23, 25, and 26 with the two thermodynami 
relations, 
0(AF/T)/0T=—AH/T’, 
0(4H)/dT=AC,. 
yields for the transition of graphite into diamond, 


C (c, graphite)=C (c, diamond), 


the following relation between the free-energy change at 1 atmosphere 
and the absolute temperature, for the range 273° K to about 1,400° 
K: 


AF=541.77+ 6700/7+ 1.176627 log T—2.43723 T— 0.000221 7° 
cal/mole. (29 


The numerical constants in eq 29 are carried out to the number 0! 0 
figures indicated only for the sake of internal consistency. Actually 
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the least uncertainty in AF is estimated to be +31 cal/mole, at 25° 
C or 298.16° K. At 1,400° K, the uncertainty in AF is somewhat 
mreater because of the additional uncertainty contributed by the 
constants in the heat-capacity eq 25 and 26. As indicated above, 
eq 28 is applicable only in the range from 273° to about 1,400 K. 
Values of the free-energy change for reaction 20 at higher pressures 
ean be calculated from the corresponding values at atmospheric 
pressure by means of the relation 


a(AF)/OP=AV, (30) 


using published data on the densities, thermal expansions, and 
compressibilities of diamond and graphite to evaluate AV for the 
reaction as a function of pressure and temperature. 

Measurements of the density of diamond were made by Adams 
(53], Cohen and Olie [21], Roth and coworkers [3, 4], Robertson, Fox, 
and Martin [49], and Tu [66]. The values derived from the data of 
various investigators are given in table 4. The measurements 

Adams, and of Cohen and Olie were made on relatively large 
samples (10 g or more) and should therefore be quite reliable. The 
values reported '® by Robertson, Fox, and Martin were obtained 
by measuring the difference of the weights in air and in water of 
single diamonds having masses ranging from 0.05 to 0.9 g each. It 
would be expected that the values obtained with the smaller dia- 
monds would be less reliable than those obtained with the larger 
ones, and for this reason the present writers, in computing the aver- 
age value attributed to Robertson, Fox, and Martin in table 4, have 
taken only their values for the five diamonds weighing 0.5 g or more. 
These five values range from 3.507 to 3.520 g/cm’, The mean of 
all the 14 values reported by Robertson, Fox, and Martin is 3.509 
gem’, The first of the two values of the density of diamond attrib- 
uted to Tu [66] in table 4 is the mean of values obtained by measuring 
the density of solutions in which the diamonds just floated. The 
second value attributed to Tu was calculated by the present writers 
from Tu’s measured density of calcite (2.71003 +0.00005 g/ml), to- 
gether with the mean values, obtained from Tu’s X-ray measure- 
ments, for the grating constant of calcite, 3.02940 +0.00005 A, the 
unit volume of calcite (1.09602 +0.00001), and the grating constant 
of diamond, 3.55961 +0.00005 A. 


TABLE 4.—Summary of values reported for the density of diamond 





| Tempera- 
Density of | ture of 
diamond measure- 
ment 


Observer 








g/ml "¢ 
513 
514 
51 +0.01 
49 0.01 


‘ohen a an Ole 
oy th ar id Wallasch [3] 
Roth and Naeser oF 





5150 +0. 0001) 





* See text on page 505. 
Sen Darasiers.. 


ao The values of dis!* given by Robertson, Fox, and Martin have been converted to g/cm 3 by the present 





506 Journal of Research of the National Bureau of Standards  {yq. 


Data on the thermal expansion of diamond have been reported by 
Fizeau [54], Joly [55], Réntgen [56], and Cohen and Olie [21]. Th, 
data of Cohen and Olie are apparently in error, as they indicate , 
negative coefficient of expansion in the range —38° to 0° C, and q 
positive coefficient in the range —163° to 0° C; neither of these 
coefficients is consistent with the data of the other observers. Usino 
the expansion data of Fizeau, Joly, and Réntgen, and the value oj 
the density of diamond reported by Adams, the present writers haye 
derived the following empirical equation representing the mola] 
volume of diamond as a function of temperature at atmospheric 
pressure 


V (diamond) =3.41812—6.2146 X 10-°7'+- 2.32517 « 1078 
T?+14.958 * 10-" 7? + 0.0030 cm*/mole. (31 


In table 5, values of (V.— Vo)/Vo calculated from eq 31 are compared 
with the corresponding experimental values, (Vo is the volume at (° 
C and V, the volume at t° C). The agreement is well within the 
uncertainty of the absolute values of the molal volumes, but not quite 
ree) the precision of the expansion data at temperatures up to 
100° C. 

The only published measurements of the compressibility of diamond 
are those of Adams [53], who obtained the value (0.16+0.02)10~ 
per bar, or (0.16,+0.02) X 10° per atmosphere, at 25° C, for the range 
from 2,000 to 10,000 bars. As the compressibility enters as a very 
small term in the calculation of the free-energy change for the transi- 
tion of graphite to diamond, the temperature coefficient of the com- 
pressibility of diamond is assumed to be negligible for the present 
calculations. Combining this value of compressibility with eq 31, 
and neglecting terms which amount to less than 10~* cm*/mole at 
T=1,000° K and P=20,000 atmospheres, there is obtained the 
following expression for the molal volume of diamond as a function 
of the pressure P in atmospheres and the temperature J in ° K: 


V (diamond) =3.41812—6.2146 X 10-°7'+-2.32517 x 107° 
T’?+14.958 X 10-” T°— 0.55 X 10-°P. cm*/mole. (32) 


TaBLE 5.—Comparison of observed values for (Vi—Vo)/Vo for diamond with those 


calculated by equation 31 





| 


Value of 108 (Vi— Vo)/Vs 


Observer ies nails 


Observed Calculated 


| 


—201 | 
—142 | 
EERE SS nee ae a Dees eee i 

ie 
279 





Fizeau [54] 396 


3, 420 
on 5, 790 
Joly [55] . 7 950 
10, 140 
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The most extensive measurements of the thermal expansion of 
graphite were made by Hidnert and Sweeney [57], and by Hidnert 
[58], on artificial-graphite electrodes of various sizes. In the case of 
two of these electrodes, one 14 inches and the other 3 inches in diam- 
eter, measurements were made both in the direction parallel to the 
length of the electrode, and in a direction at right angles. For both 
of these electrodes the transverse coefficients of expansion were found 
o be consistently larger than the longitudinal coefficients. It is the 
opinion of the present writers that this difference between the longi- 
tudinal and transverse coefficients is the result of a partial orientation 
of the graphite crystals in such a manner that the basal planes of the 
crystals are on the average more nearly parallel to the axes of the 
electrodes than to the plane at right angles to the axis. Such an 
orientation might be caused, for example, by friction with the walls of 
the die through which the ‘‘green”’ electrodes are extruded when being 
formed. The assumption that the graphite crystals are oriented in 
the manner described above is consistent with the following facts: (1) 
The graphite electrodes have been observed [57, 58] to have a laminar 
structure, the laminae being parallel to the axes of the electrodes, and 
(2), in the expansion measurements of Hidnert and Sweeney [57], and 
of Hidnert [58], it was found that the electrode which had the larger 
longitudinal coefficient had the smaller transverse coefficient. This 
would be expected if the difference in the longitudinal and transverse 
coefficients 1s due to partial orientation of the crystals, and if the 
orientation is more nearly complete in one electrode than in the other. 

The present writers have derived an equation to represent the 
volume expansion of graphite, making use of the data of Hidnert [58], 
in the following manner: The average values of the observed mean 
longitudinal linear coefficient of expansion, a;, were added to twice the 
corresponding average observed mean transverse linear coefficient of 
expansion, a,, to obtain the mean volume coefficient of expansion, az, 
for both the 14-inch and the 3-inch electrodes. The volume coeffi- 
cients were then used to calculate the quantity (V:— V2)/V2, where 
V, represents the volume at #° C and V2 that at 20° C, for various 
temperatures from 20° to 1,000° C, for both electrodes. The corre- 
sponding values for the two electrodes were then averaged, and the 
average values of (V;—V2)/V2) were used to derive the following 
equation: 


(V.— V2) /V29= 8.1274 X 10-*(¢—20) +3.7671 KX 10-°(f—20)*. (33) 


In table 6 are given the average values of the mean coefficients a, and 
a, for both the 3-inch and the 14-inch electrodes; the corresponding 
mean volume coefficients, a,, calculated in the manner described 
above for each electrode; values of (V;— V2)/V2 for each electrode, 
calculated from the corresponding values of a,; the means of these 
two sets of values of (V;— V2)/V29; and values of (V;— V2)/V2 calcu- 
lated from eq 33. It is seen from table 6 that values of V,/V> at 
‘=1,000° C calculated from the expansion coefficients for the two 
electrodes differ by about 0.3 percent, and that the values of V,/Vo 
calculated from eq 33 represent the means of the two sets of values 
of V,/V, for the two electrodes within about 0.02 percent. 
Measurements of the longitudinal thermal expansion of a }-inch 
graphite rod over the temperature range 0° to 1,500° C have been 
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reported by Day and Sosman [60]. Their data are in agreement 
with the measurements of Hidnert [58] on a 1-inch electrode, but as 
no measurements were made of the expansion in the transverse dire. 
tion, the data of Day and Sosman were not considered in deriving 
eq 33. Eq 33 is consistent with measurements by Cohen and Olie [2}| 
of the change in density of an artificial graphite between 18° and 
—38° C, but is not consistent with their measurements of the change 
in density between —38° C and —163° C. 


TaBLE 6.—Values calculated from the data on the thermal expansion of graphite 
reported by Hidnert and Sweeny [57] and Hidnert [58] 





Interval of temperature, °C 





Remarks Quantity Nl | l | l l l 
| 20 to | 20 to | 3 20 to | 20 to | 20 to | 20 to | 20 to | 20 to | 2 
100 | 200 | 3 400 | 500 | 600 | 700 | 800 





1.79} 1. . 2.53} 2.30) 2.35] 2.50) 2.62) 2¢ 
2.69} 2. x ' 3.60} 3.46] 3.30) 3.60) 3.60) 3,77 
eae <tiel Senee tee . : 9.70} 9.22) 8.95} 9.70) 9.82) 10.17 
106( Vi— V20)/ V20-- - 574} 1,; y 4, 656} 5, 348] 6, 086] 7, 566) 8, 642) 9, 967 


From data on the 
14-inch electrode 

of graphite 

1.10] 1.% t ; , 2.05) 2.08] 2.28) 2.31] 2.55 
4.10) 4.2: a . 53 .80} 4.90] 5.20] 5.30) 5.4 
__ .--| 9.30 ‘ | Mwews . 65) 11. 88} 12.68] 12.91) 13.35 
108(V;— V20)/Vo0---] 744 7 * oe 57) 8,078] 9, 890} 11, 361/13, 083 


659 3e 7 , 052) 7, 082 8, 728]10, 001 11, 525 


3-inch electrode 
of graphite 





From data on the = ee 


Average for the |) ra vray 
two specimens-_-- ploy: Vao)/ V20-- - 
Oppomenraes }10°( ¥.— Vie)/ Vie 674| 1,585] 2,57 5, 981] 7, 269] 8, 631|10, 069111, 58 
| 
































Data for the density of graphite have already been reviewed (see 
pages 496 and 499). Most of the published values of the density 
of graphite are in the range from 2.25 to 2.27 g/em®. As the “best” 
value for the density of graphite at 20° C, the present writers select 
the value 2.260+0.010 g/cm*. 

The only published value for the compressibility of graphite is 
that of Richards [59], namely, 3.010~* per bar, or 3.0,10~° per 
atmosphere, at 20° C, over the range 1 to 500 bars. As the variation 
of compressibility of graphite with temperature and pressure is not 
known, the influence of these variables is assumed to be negligible 
for the present calculations. 

Combining the above values of density and compressibility of 
graphite with eq 33, there is obtained the following equation repre- 
senting the molal volume of graphite as a function of the pressure P 
in atmospheres and the temperature 7’ in °K: 


V (graphite) =5.30322+31.453 x 10-° 7+2.00190 K 107 7°—16.1 
«10-* P cm'/mole. (34) 


Combining eq 32 and 34, there is obtained the following equation 
giving the change in volume, AV, for the transition, 


C (c, graphite)=C (c, diamond), (20) 
as a function of the pressure P in atmospheres and the temperature / 
in °K: 


AV=—1.8851—37.6676 X 10-°7'-+-0.32327 X 10-87? + 14.958 X 10°" T° 


+15.610-°P cm*/mole. (35) 
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Combination of eq 30 and 35, yields the following equation, with AF 
in calories per mole, P in atmospheres, and T in °K: 


9(AF)/OP = — 0.045660 —0.91236 X 10-°7'+0.007830 10° 7? +-0.3623 
X10-" 7? +0.38X 10-*P. (36) 


Integration of eq 36 at constant temperature between the limits of 
pressure Of 1 atmosphere and P atmospheres yields 


AF? p= FP=!~—[0.045660 +-0,91236 x 10-°7— 0.007830 X 10-*T? — 0.3623 
<10-” 7*|(P—1)+0.19 x 10-*(P?—1) cal/mole. (37) 


Combining eq 29 and 37, there is obtained the following equation 
civing the free energy change for the transition of graphite to diamond 
eq 20) as a function of the absolute temperature 7’ in °K and of the 
pressure P in atmospheres: 


AF=541.82+6700/7+-1.17662T log T—2.43723 T—0.000221 T? 
—[0.045660 +0.91236 10-*7'— 0.7830 & 10-" T?— 0.3623 
<10-? T?|P+0.19X10-*P? cal/mole. (38) 


Figure 1 shows a plot, for various pressures, of the free-energy 
change against the absolute temperature for the transition of graphite 
into diamond. The data for this plot for temperatures in the range 
300° to 1,400° K were calculated from eq 38. The value of the free 
energy change for 7=0° K and P=1 atmosphere is that given on 
page 504. The values at 0° K for the other pressures were calculated 
from the value at one atmosphere by extrapolating the change in 
AF over the respective pressure ranges, which change was found to be 
very nearly independent of temperature in the range 300° to 1,400° K. 

The curves of figure 1 indicate that below a pressure of about 
13,000 atmospheres there is no temperature at which diamond is 
stable with respect to graphite. At 300° K, it is calculated that a 
pressure of about 16,000 atmospheres is required to produce equilib- 
rium between diamond and graphite, and at 470° K, a pressure of 
about 20,000 atmospheres is required. 

In regard to the range of pressure and temperature over which eq 
38 is applicable, the following facts should be noted: (1) the first five 
terms in the equation were derived from specific-heat data which cover 
the range 273° to 1,313° K for diamond, and 273° to 1,373° K for 
graphite; (2) the coefficient of P in eq 38 was obtained from values of 
density of graphite and diamond at atmospheric pressure, and data 
on thermal expansion which cover the range from 293° to 1,273° K 
in the case of graphite, and from 85° to 1,023° K in the case of dia- 
mond; and (3) the coefficient of P ? in eq 38 was obtained from com- 
pressibility data on diamond at 298° K over a pressure range extend- 
ing to 10,000 atmospheres, and from compressibility data on graphite 
at 293° K over a pressure range extending to 500 atmospheres. 
Hence the calculation from eq 38 of values of AF at P=1 atmosphere 
from 273° to 1,400° K includes the uncertainty in the value of AF at 
25° C and the uncertainty in the heat capacity eq 25 and 26, and 
involves only a moderate extrapolation beyond the range of the ex- 
perimental data. At pressures higher than about 500 atmospheres, 
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in the neighborhood of room temperature, the calculation of AF from 
eq 38 involves extrapolation of the data on the compressibility of 
graphite. At all temperatures much above room temperature, errors 
may be introduced into the calculation of AF from eq 38 at pressures 
higher than atmospheric because the change of compressibility. 
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Figure 1.—-Plot, for various pressures, of the free energy change against the absolute 


temperature, for the transition of graphite into diamond: C (ec, graphite) =! 
(c, diamond). 





The scale of ordinates gives the free-energy change, AF, in calories per mole, and the scale of abscissas gives 
the absolute temperature in degrees Kelvin. The number attached to each curve indicates the pressure 
in atmospheres. The width of each band is twice the estimated uncertainty. 


chiefly of graphite, with temperature was neglected in deriving the 


equation. At temperatures above 1,023° K, there is an additional 
uncertainty in the calculated values of AF at pressures above atmos- 
pheric, arising from extrapolation of the expansion data on diamond. 
The authors have considered these factors, together with the esti- 











Stal 
tory 
esta 
aqu 
follc 
or | 
ther 
ficia 
com 
chet 
see 
whit 
expe 
yeal 
for 

gray 
T’ 
offer 
sum 


fain Free Energy of Formation of Carbon Dioxide dll 
mated uncertainties in the densities of graphite and diamond at room 
temperature, the uncertainty of +31 cal given previously for the value 
o( AF for the transition from graphite to diamond at 298° K and 
p=1 atmosphere, the uncertainty in the heat capacity eq 25 and 26, 
and have estimated the uncertainty in values of AF calculated from 
oq 38 for P=20,000 atmospheres to be of the order of +40 cal at 
998° K, and +170 cal at 1,400° K. 


VI. CONCLUSION 


As a result of the work of Jessup [6] at the National Bureau of 
Standards and of Dewey and Harper [5] at the Coal Research Labora- 
tory of the Carnegie Institute of Technology, it appears definitely 
established that a simple purification either (1) by treatment with 
aqueous hydrochloric and hydrofluoric acids at room temperature 
followed by washing and then drying in a vacuum at about 200° C, 
or (2) by heating in vacuum to about 1,800° C, suffices to produce a 
thermodynamically reproducible form of graphite, either from arti- 
ficial or from natural graphite. It is recommended, therefore, that in 
compilations of values of the heats and free energies of formation of 
chemical compounds containing carbon, the standard reference state 
see [2] and [7]) for carbon be that of graphite (as defined above) 
which is inexpensive and easily accessible, rather than the more 
expensive and more difficultly accessible diamond, which, several 
years ago, it appeared necessary to use as the standard reference state 
for carbon because of the then apparently variable properties of 
graphite [1, 2]. 

The thermodynamic values calculated in the present paper and 
offered as the present ‘“‘best’’ ones for the respective reactions, are 
summarized in table 7. 


TABLE 7.—Summary of thermodynamic values 





AH"o AFT° 298.18 | AF° 298.16 





NBS interna- 


| 
NBS interna- | | 
tional joules | 


tional joules 
per mole 


NBS interna- 
tional joules 
per mole 


Calories 
per mole 


Calories « 
per mole 


Calories @ 


, 
per mole per mole 





| 
graphite) + } 
g) = COs (g)-|—393, 018 +48 \-% 949 +11/—393, 355 +46 |—94, 030 +11|—394, 228 +58 |—94, 239 +1 
, diamond+ | | | 
g) = CO, (g).|—395, 435 +115) —94, 527 +28] —395, 254 +115/—94, 484 +28/—397, 100 +-117;—94,925 4 
, graphite) = | | 
’ (¢, diamond). | 2,417 +125 578 +30) 1, 899 +124) 454 +30) 2,872 +129 686 3-31 
| | | | | 











* See footnote 12. 


The authors gratefully acknowledge the benefits of discussions with 
H. H. Lowry, Director of the Coal Research Laboratory of the 
Carnegie Institute of Technology, and with G. E. F. Lundell, Chief 
of the Chemistry Division, and E. F. Mueller, Chief of the Heat 
Measurements Section, of this Bureau. 





d12 Journal of Research of the National Bureau of Standards jy, 4 











41] 
42] 
[43] 


[44] 


[45] 
[46] 
[47] 
[48] 
[49] 


[50] 





VII. REFERENCES 


D. Rossini, J. Research NBS 13, 21 (1934) RP692. 

R. Bichowsky and F. D. Rossini, The Thermochemistry of the Chemies 

Substances, Reinhold Publishing Corporation, New York, N. Y. (193¢) 

W. A. Roth and H. Wallasch, Ber deut. chem. Ges. 46, 896 (1913): Z. Fok. 
trochem. 21, 1 (1915). G 

W. A. Roth and W. Naeser, Z. Elektrochem. 31, 461 (1925). 

P. H. Dewey and D. R. Harper, 3d, J. Research NBS 21, 457 (1938) RP1139 

R. 8. Jessup, J. Research NBS 21, 475 (1938) RP1140. 

F. D. Rossini, Chem. Revs. 18, 233 (1936). 

F. D. Rossini, Ind. Eng. Chem. 29, 1424 (1937). 

F. D. Rossini, BS J. Research 6, 1 (1931); 7, 329 (1931) RP343. 

Premier Rapport de la Commission Permanente de Thermochimie, Unio; 
Internationale de Chimie, Paris (1934). 

Grassi, J. pharm. chim. 8, 170 (1845). 

T. Andrews, Phil. Mag. [3] 32, 426 (1848). 

P. A. Favre and J. T. Silbermann, Ann. chim. phys. [3] 34, 357 (1852), 

M. Berthelot and Petit, Ann. chim. phys. [6] 18, 80 (1889) ; Compt. rend. 108, 
1144 (1889). 

W. G. Mixter, Am. J. Sci: 19, 434 (1905). 

W. B. Plummer, Ind. Eng. Chem. 22, 630 (1930). 

E. W. Washburn, BS J. Research 10, 525 (1933) RP546. 

G. P. Baxter, M. Curie, O. Hénigschmid, P. LeBeau, and R. J. Me, 
J. Am. Chem. Soc. 56, 753 (1934). 
G. B. Baxter, O. Hénigschmid, and P. LeBeau, J. Am. Chem. Soc. 60, 737 

(1938). 

H. LeChatelier and S. Wologdine, Compt. rend. 146, 49 (1908). 

E. Cohen and J. Olie, Jr., Z. physik. Chem. 71, 385 (1910). 

E. Ryschkewitsch and E. Késtermann, Z. Elektrochem. 30, 86 (1924). 

A. B. Lamb and E. N. Ohl, J. Am. Chem. Soe. 60, 1287 (1938). 

W. F. Giauque and H. L. Johnston, J. Am. Chem. Soc. 61, 2300 (1929 

H. L. Johnston and M. K. Walker, J. Am. Chem. Soc. 55, 172 (1933): 57, 
682 (1935). 

B. Lewis and G. von Elbe, J. Am. Chem. Soc. 55, 511 (1933) ; 57, 1399 (1938), 

K. Clusius, Z. physik. Chem. [B] 3, 41 (1929). 

A. Eucken, Verbandl. deut. phys. Ges. 18, 4 (1916). 

Private communication from F. G. Brickwedde, member, for the Natio: 
Bureau of Standards, of the Thermometric Committee of the Internationa 
Institute of Refrigeration. 

H. L. Curtis and R. W. Curtis, BS J. Research 12, 665 (1934) RP685 

R. T. Birge, Phys. Rev. Supplement 1, 1 (1929). 

R. M. Badger and S. C. Woo, J. Am. Chem. Soc. 54, 3523 (1932). 

A. R. Gordon, J. Chem. Phys. 1, 308 (1933). 

L. S. Kassel, J. Am. Chem. Soc. 56, 1838 (1934). 

K. K. Kelley, Bul. 384, U. S. Bureau of Mines (1935). 

W. F. Giauque and C. J. Egan, J. Chem. Phys. 5, 45 (1937). 

A. R. Gordon and C. Barnes, J. Phys. Chem. 36, 2292 (1932). 

W. Nernst, Ann. Physik 36, 395 (1911). 

C. J. Jacobs and G. S. Parks. J. Am. Chem. Soc. 56, 1513 (1934). 

F. Koref, Ann. Physik 36, 49 (1911). 

H. F. Weber, Phil. Mag. [4] 49, 161, 276 (1875). 

G. N. Lewis and G. E. Gibson, J. Am. Chem. Soc. 39, 2554 (1917). 

W. H. Rodebush and E. Rodebush, Int. Crit. Tables 5, 87 (McGraw-Hil 
Book Co., New York, N. Y., 1929). 

K. Clusius and Woitinek, Landolt-Boérnstein-Roth-Scheel Tabellen, Second 
Supplement, part II, p. 1237 (Julius Springer, Berlin, 1931). 

Terebesi, Helv. Chim. Acta 17, 804 (1934). 

K. K. Kelley, Bul. 350, U. S. Bureau of Mines (1932). 

K. K. Kelley, Bul. 394, U. S. Bureau of Mines (1936). 

K. S. Pitzer, J. Chem. Phys. 6, 68 (1938). 

R. Robertson, J. J. Fox, and A. E. Martin, Phil. Proc. Roy. Soe. (London 
[A] 157, 579 (1936); Trans. Roy. Soc. (London) [A] 232, 463 (1934). _ 
G. N. Lewis and M. Randall, Chemical Thermodynamics and the Fre 
Energy of Chemical Substances. McGraw-Hill Book Co., New York 

N. Y. (1923). 


F. 
F, 


4 





Free Energy of Formation of Carbon Dioxide 


-1) K. K. Kelley, Bul. 371, U. S. Bureau of Mines (1934). 

-9) J, Hofman and D. Wilm, Z. Elektrochem. 42, 504 (1936). 

-3) |. H. Adams, J. Wash. Acad. Sci. 11, 45 (1921). 

-1) H. Fizeau, Pogg. Ann. Phys. Chem. 128, 583 (1868); 138, 26 (1869). 

<5] J. Joly, Sci. Trans. Roy. Soc. Dublin [2] 6, 283 (1898). 

55) Rontgen, Sitzber. math-physik. Klasse bayer. Akad. Wiss. Miinchen 42, 381 


~~ (1912). 
57] P. Hidnert and W. T. Sweeney, Tech. Pap. BS 21, 223 (1927) T335. 
“| P. Hidnert, J. Research NBS 138, 37 (1934) RP693. 
9] T. W. Richards, J. Am. Chem. Soc. 37, 1643 (1915). 
(| A. L. Day and R. B. Sosman, Ind. Eng. Chem. 4, 490 (1912). 
61] F. D. Rossini, forthcoming paper in J. Research NBS. 
9) NBS Tech. News Bul. 246, p. 100 (1937). 
| W. C. Arsem, Ind. Eng. Chem. 3, 799 (1911); Trans. Am. Electrochem. Soc. 
20, 105 (1911). 
64] R. M. Burns and G. A. Hulett, J. Am. Chem. Soc. 45, 572 (1923). 
651 W. Trzebiatowski, Roezniki Chem. 17, 73 (1937). 
6] Y. Tu, Phys. Rev. 40, 662 (1932). 
(67) J. Bernal, Proc. Roy. Soe. (London) 106, 750 (1924). 
68] O. Hassel and H. Mark, Z. Physik. 25, 317 (1924). 
9] H. Ott, Ann. Physik [4] 85, 81 (1928). 


WasHINGTON, August 18, 1938. 








(J, §. DEPARTMENT OF COMMERCE NATIONAL BurEAU OF STANDARDS 
RESEARCH PAPER RP1142 


Part of Journal of Research of the National Bureau of Standards, Volume 21, 
October 1938 





4 CONTINUOUS HIGH-VACUUM STILL AND BOILING- 
POINT APPARATUS, AND THE SYSTEMATIC DISTILLA- 
TION OF A DEWAXED LUBRICANT FRACTION OF 
PETROLEUM ? 


By Robert T. Leslie * and Wilson W. Heuer ? 


ABSTRACT 


A sample of lubricant stock having about the properties of light automobile 
lubricating oil was obtained from a refinery supplied with crude oil from the 
Oklahoma City field. Two hundred and forty gallons were distilled through a 
semicommercial vacuum still. A continuous high-vacuum laboratory still and 
an apparatus for determining boiling points was constructed and the material 
was distilled systematically three times with their aid. After the third distilla- 
tion, there remained 762 kg of material which distilled between 135° and 270° C 
at1 mm Hg. The material tended to concentrate in four boiling ranges. The 
results of the distillation of the lubricant fraction and of the naphtha fraction from 
a Ponea City petroleum are compared at the same stages. 


CONTENTS 


. Introduction 

. Selection of lubricating-oil stock 

. Preliminary treatment of the oil 

’. Design of laboratory still 

’. Operation of vacuum still 

: Shae rage for determining boiling points at low pressures___- eer 
Results of three laboratory distillations 


I. INTRODUCTION 


When Research Project 6 of the American Petroleum Institute was 
initiated, it was intended that all its investigations would be made on 
a single lot of crude oil, but in the fall of 1933, when work was begun 
on lubricating oil,® the percentage of heavy oil available was small 
(67 kg) from the 600-gallon lot on which had been done the work on 
the naphtha fraction. It was evident that while the isolation and 
identification of types of hydrocarbons might be possible, the isola- 
tion of constituents would be difficult from such small quantities as 
| Financial assistance has been received from the research fund of the American Petroleum Institute. 
This work is part of Project 6, The Separation, Identification, and Determination of the Constituents of 
Petroleum. This paper was presented before the Petroleum Division of the American Chemical Society 
at the 96th meeting in Milwaukee, September 5 to 8, 1938. 

‘Research Associates at the National Bureau of Standards, representing the American Petroleum 


Institute, 
ae veridge J. Mair, Sylvester T. Schicktanz, and Frank W. Rose Jr., J. Research NBS 15, 557 (1935) 
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would remain after careful fractionation. Consequently, in Septey. 
ber 1936, the Advisory Committee for Research Project 6 decided ; 
obtain, for the purpose of isolating the constituent hydrocarbons , 
quantity of oil 10 or 15 times as large as the lubricant fraction aya). 
able from the oil from the Ponca City field.‘ 


II. SELECTION OF LUBRICATING-OIL STOCK 


For the investigation, it was decided that the material should be: 

1. Of definite origin, preferably from the South Ponca field, and 
be comparable to the original stock of oil.. 

2. Unaltered by refining treatments except for dewaxing. The way 
constituents were considered of insufficient interest to warrant investi. 
gation at the present time. 

3. Of interest to manufacturers of commercial products. The large 
quantities of lubricants of 10- and 20-W SAE viscosities used by the 
automotive industry make of particular importance the fraction of 
crude oil ranging in viscosity from 150 to 200 Saybolt seconds at 
100° F (about 0.32 to 0.54 stoke KV). 

4. Of as simple constitution as possible. It is to be expected that 
lower-boiling fractions contain compounds of lower molecular weight 
and consequently fewer isomers than the higher-boiling ones. To 
avoid complicating the problem unnecessarily, the low-boiling lubri- 
cant fraction was favored. 

5. An oil about which as much as possible is already known. 
Research has centered on the lower-boiling fractions of the heavy oil, 
viz, the work of Mair and others of this Project. Less information is 
available on synthetic hydrocarbons of high boiling points than on 
those of lower boiling points.. 

After consideration of lubricating oils from various sources, a stock 
produced by the Continental Oil Co. was tentatively chosen. An 
assay distillation was made in the laboratory of the stocks of that 
company designated as 150 Pale Raw and 400 Pale Raw, and the 
results are shown in figure 1. These distillations were made under 
high vacuum (10-* mm Hg) in the glass still shown in figure 2. Tem- 
peratures were read on a thermometer inserted in the well at the top 
of the column. The graph shows that both stocks yield distillates 
having viscosities between 0.32 and 0.54 stoke (150 to 200 Saybolt 
seconds) though the 400 Pale Raw increases to a considerably higher 
value. Thecurves of boiling point and refractive index also indicated 
the ranges in these properties which were to be expected. In figure 31s 
reproduced the chart furnished by the Continental Oil Co. showing 
the history of the refining operations to which the products had been 
subjected. It is obvious that if the two Pale Raw stocks are combined 
in approximately equal proportions (7.75 to 7.3%) the resulting mix- 
ture represents all of the crude oil above the gas-oil fraction except 
the wax portion which was removed by pressing and by the Barisol 
process (refrigeration and centrifuging with benzene and ethylene 
chloride), the vacuum flux, and the vacuum residue. The stock 
was described as a well-segregated Oklahoma City crude oil and 
therefore reasonably easily reproduced in the future. Consideration 
of these characteristics led to the final choice of this oil. 


4 Frederick D. Rossini, Proc. Am. Petroleum Inst. (Nov. 1937); Oil Gas J. 36, No. 26, 193 (1937); Refiner 
Natural Gasoline Mfr. 16, 545 (1937). 
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Figure 1.—Assay distillation of samples of 150 Pale Raw and 450 Pale Raw oil 
from the Oklahoma City field. 
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Figure 2.—Small glass still for high-vacuum distillation with arrangement for 
removing fractions through mercury seal without interrupting the distillations. 


A, cooler for producing reflux when necessary; B, condenser for distillate; C, receiver for distillate; D, mer- 
cury column barometric height; E, mercury seal through which distillate is removed by lowering mercury 
level; F, stopcock through which oil is discharged after collecting above the lowered mercury level; @, 
stopeock for keeping mercury in E while distillate is condensing; H, leveling bulb for drawing mercury 
out of E when distillate is removed; J, center rod of steel suspended from glass cross bar; J, heating coll 
sheathed on outside with mica; K, 


disks made from perforated aluminum sheet; L, spacers made of 
sections of steel tube; M, tube for filling; N, electric heater. 
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IDE VIEW 

: FRONT VIEW 

FicuRE 5.—High-vacuum still for distilling noncorrosive materials by the continuous passage method at rates of several gallons a day. 
94848—38 (Face p. 520) 
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III. PRELIMINARY TREATMENT OF THE OIL 


Through the courtesy of the Sun Oil Co., the oil was distilled 
through a semicommercial vacuum still into fractions which could be 
handled conveniently in the laboratory. In November 1936, the Sun 
Oi i] Co. received from the Continental Oil Co., Ponea City, Okla., 165 
callons of Pale Raw having a viscosity of 156 Saybolt seconds (0.32 
stoke) and 157 gallons having a viscosity of 487 seconds (1. 03 stokes). 
120 gallons of each were blended {resulting i in a mixture having a vis- 
osity of 269 Saybolt seconds (0.57 stoke)] and cut by a succession of 
passes through the vaporizer of the still into nine 10-percent fractions 
of distillate “and a 10-percent residue of unvaporized material and 
“tower-holdup.”’ For each passage the temperature of the vaporizer 
was regulated to obtain the desired volume of distillate. The oil was 
passed through the vaporizer at a rate of about 1 to 2 gallons a min- 
ute, and the pressure in the vaporizer was maintained at about 5 to 8 
mm Hg, with a maximum temperature of 343° C (650° F). Each of 
these fractions was run into a new 30-gallon drum which had been 
purged with nitrogen. The fractions, together with 24 gallons of the 
undistilled lighter and 35 gallons of the heavier stock were sent to the 
aboratory in December 1936. Later approximately 51 gallons 
183 kg) of “‘vacuum cylinder distillate’ and 11 gallons (42 kg) of 
vacuum flux” were received at the laboratory from the Continental 
Oil Co. Figure 4 shows the history of the oil from the refinery 
through the third distillation in the laboratory and the properties of 
the material up to the laboratory distillations. 


IV. DESIGN OF LABORATORY STILL 


Since distillation is the foundation of the production of most petro- 
leum products, a careful study was planned of the distillation of the 
material before the removal of any constituents. For further frac- 
tionation of the oil in the laboratory, it was necessary to design a stil] 
which could (a) be erected in a limited laboratory space, (b) accom- 
modate the 800 kg of oil which was to be distilled, (c) be used later on 
small quantities, (d) function at vacua obtainable by diffusion pumps, 

) have a small “hold-up” and pressure drop between vaporizer and 
pe ser, and (f) be as efficient as compatible with the other require- 
ments. 

Figure 5 shows the still in detail as developed, except for minor 
changes which would be expected to improve the design. The still 
may be used either for continuous distillation of large quantities or 
for batch operation where only small quantities are available. The 
still in this laboratory has been used almost continuously 24 hours a 
day and 5 days a week for a year without major repairs. When oper- 
ating properly, the McLeod gage which was attached at the head of 
the column showed pressures of the order of 10-* mm Hg. All 10 
fractions from the preliminary distillation, including the residue, were 
distilled through it. About 11 kg of undistilled material and washings 
from the still remained after the third distillation. This material 
resembled thin tar in color and viscosity. 
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The column, shells of the diffusion pumps, and the vaporizer were 
made of welded pipe fittings.© The vacuum was maintained by the 
three diffusion pumps, two of which were arranged in parallel and 
supported by the third, as shown on A of figure 5. The diffusion 
pumps were backed by a large mechanical pump as shown (Hypervac 
20, marketed by Central Scientific Co.). These diffusion pumps were 
of the usual umbrella type of construction and were operated with oil 
instead of mercury. Oils suitable for the purpose are obtainable com- 
mercially. The oil was boiled by % kw Calrods, K, wound into coils 
and welded into the bottom of the shell as shown. The heat was 
controlled by a variable resistance in series. The umbrellas of the 
two fast, fine pumps were made from aluminum muffin pans by ex- 
panding and shaping them slightly, and the umbrella of the coarse 
pump was made from a dipper. As shown in the figure, the clearance 
between the edge of the umbrellas and the walls of the shells was 
greater for the two fine pumps than for the coarse pump. These are 
the only shaped parts which would otherwise require spinning. The 
copper rod, H, was brazed to the Calrod and served the double purpose 
of conducting heat up the path of the hot vapors and of supporting 
the umbrellas which were held in place by nut F. The chimneys, /, 
were of brass and fabricated by spinning the joints together. The 
lower section of the chimneys fitted loosely into the shells of the pumps 
and were serrated on the lower edge so that the condensed oil could 
return to the heated zone. G was a glass tube surrounding the chimney 
for thermal insulation. Oil was introduced into the pumps through 
the \-inch iron tubes, J, which were closed by soldered iron plugs. 
The condensers, /, were of brass and brazed to the iron shells of the 
pumps. Each pump requires about 200 ml of oil. The oil was found 
to lose its effectiveness after about 3 weeks’ use but could be reclaimed 
by distillation in the glass still. A spiral, N, was necessary in the 
tube, C, attaching the McLeod gage to the head of the still to allow 
for the expansion of the column as it was heated. Mis the vapor trap 
for the gage. ‘The upper part of C was \%-inch copper tube and the 
glass trap was joined to it with wax. The diffusion pumps were 
supported by a large mechanical vacuum pump (Cenco Hypervac 20) 
which was connected to the still by a section of flexible metal tube, 
aa, and a pipe union, z, the faces of which were coated with “glyptal 
resin” before tightening. 

All the flanged joints, B,, B,, B;, B,, and B;, were made tight with 
lead gaskets cut from \-inch lead sheet. Water jackets, g, were built 
in contact with flanges B, and B, (fig. 1) because they became hot 
enough, when the very high fractions were being distilled, to cause the 
lead gaskets to flow. 

To remove the distillate and residue, if the still was to be run con- 
tinuously, it was necessary to design a pumping system since there 
was insufficient height available in ‘the laboratory for a vacuum leg. 
The pumps used did not need to produce as high vacuum as that within 
the still, because of the weight of the short column of oil above them. 
Two Cenco laboratory pumps were adapted to the purpose, as shown 

§ At the time of construction, the welding operations cost about $430; the water jackets of the pumps, jets 
of the pumps, the perforated aluminum disks, and the iron rings for spacing the disks cost about $180; and 
the Calrods used for heating the pumps and still cost about $50. 

6 It was possible to make a satisfactory oil for the pumps from Cenco pump oil. This was done by three 


successive treatments of bubbling air through the hot oil for a period of 30 minutes and distilling in the smal! 
glass still, and finally passing the fraction boiling at about 220° C. at 1 mm Hg through silica gel. 
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at the bottom of the figure. The oil was drawn into the ports, n,, and 
! nm, ordinarily used for pumping gases and discharged into the boxes 
of the pumps, s, and 82, where it formed its own seal around the work- 
ing parts, t; and ¢,. Oil was kept at the normal level in the pumps by 
drawing it out into containers, 7, and r2, through tubes 0; and v2 which 
projected down into the boxes to the proper depth. The pumps were 
placed below the driving motors, 7; and jo, and were set in tanks, /, and 
|,, to catch overflows and leaks of oil from the pump boxes. Water 
coolers were placed in both the distillate and residue lines to lower the 
vapor pressure of the more volatile material so that it could be pumped. 
The cooler for the distillate was a copper coil as shown. For the 
' residue, however, the multiple passage unit shown at c and in detail 4 
was adopted because the material to be cooled was hotter and more 
viscous than the distillate. The headers, e, were made from single 
blocks of brass and the tubes, f, were brazed in place. d was a drain 
' for emptying the jacket. The coolers, c and g, were brazed together 
because occasionally they became hot enough to soften solder. Both 
' pumps had drain tubes from the bottom, p; and p2, so that they could 
' be emptied completely. By using the receiver, z, in the distillate 
line, the fractions could be separated without contamination (see 
section V). This receiver was also used to accumulate enough distillate 
' to prime the pump. The gage glass, y, was calibrated to show the 
volume in the receiver. 

The vaporizer was heated by three 1-kw Calrods wound around it, 
but the method shown in figure 5 of heating with six %-kw Calrods, 7, 

_ placed parallel would be an improvement. The heat was controlled 
| by the number of Calrods used and by varying the voltage with a 
3-kw transformer. 

Arrangement was made to compensate heat losses in the column by 
heat from the units, g, in the central tube, u, of the column, but this 
was found necessary only for very high-boiling material. As shown 
by the figure, w was closed at the top and welded through the vapor- 

- izer at the bottom. All the heating units and motors were controlled 
from the transite panel, W2, which was supported by a strap iron frame, 
u. The preheater, Z, was used only when the oil was being passed 
into the still at the rate of 3 or 4 gallons an hour. 

All the valves in the vacuum system were Kerotest diaphragm 
valves with %-inch bores (X,, X2, X3, Xs, and X;). No trouble was 

' experienced at any time with leaks through the stems of these valves, 
but when they were open to the atmosphere the precaution was taken 
to place a stopcock in series (Y2). A stopcock alone was not satis- 
factory because the grease was sometimes dissolved by the oil. Regu- 

' lation of the oil flow into the still by these valves was not satisfactory. 

| [t was found more satisfactory to open valve X, wide and depend on 

' stopcock Y, to regulate the flow from the supply reservoir, 73. 

' Sight glasses, not shown in the figure, through which the streams of 

| of oil could be observed were placed in the inlet line and the outlet line 
of the residue. The material admitted to the still was filtered through 

§ er fine copper gauze, 6, to remove sediment which tended to clog 
valves. 

The water jacket, L, at the top of the still was not sufficient alone 

' to prevent oil vapor from passing over into the diffusion pumps. 
The flat spirals of %-inch copper tube, D, shown in the drawing and in 
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detail 1 were found effective without much pressure-drop through 
them. The cooling water had to be kept down to 20° to 25° C in the 
still and the diffusion pumps. The perforated aluminum plates, § 
and detail 3, were used for evaporating surface because they were hot 
corroded by sulfur in the oil and because they produce only a sma 
drop in pressure. There were 65 of these plates and they fitte( 
snugly into the column but dropped into place without force. These 
were spaced in the column by the iron rings, R, the dimensions o{ 
which are shown in detail 2. The rings were made to fit loosely ove! 
the central tube, U, and the whole column of rings and aluminum disks 
rested on the ring welded on the central tube at a. 

The collecting 1 ring at P was made in two parts, the collar being 
tapered at the bottom to fit into the flat ring. The flat ring was 
split and made to fit tightly into the column of the still by forcing g 
wedge into the split. @ was a support made of a strip of brass bolted 
to the central tube at T. 


V. OPERATION OF VACUUM STILL’ 


To start a distillation, the pump, s, was filled with undistilled oi] 
and started, valve X, was closed and the still evacuated by the diffw- 
sion and Hypervac pumps. About 15 minutes was required to reac! 
a pressure of the order of 10-*mm Hg. Oil was then admitted slowly 
to the still until it began to collect in the residue bottle, 7;. Valves 
X, and X; were then closed. The siphon tube near X; insured that 
the vaporizer contained oil to the height of the bend. The heat was 
then applied until distillate began to collect in the receiver. A small 
stream of oil was admitted to the still through X,; and Y, and the dis- 
tillation continued until about a liter had accumulated in the receiver. 
X, was closed, X; and stopcock Y,2 opened, and X; opened to allow the 
oil to run into pump ?,. Valve X; and the stopcock were then closed 
and the receiver was exhausted by the pump. Valve X; was opened, 
and the rate of return to the top of the column regulated as reagaiin 
by partially closing X, The ratio of return to the distillate wa 
determined by comparing the rates of accumulation in the receiver 
with valve X, open and with it adjusted to running conditions. |! 
the distillate was to be taken off in batches; X, was closed, the content 
of the Cenco pump was drawn out through p, and the process of 
emptying the receiver into the pump as described above was repeated 
when another fraction of distillate had accumulated. If the fractions 
were to be drawn off continuously, valve X, was left open with the 
pump running and the oil was kept at the normal level in the pump 
by drawing into bottle 7,, as described above for the residue. 

For the first distillation the oil was fed into the still from the drum 
containing fraction 1, the distillate collected in gallon glass bottles, 
and the residue run into a second drum. The oil was passed throug! 
at a rate of about 3 gallons an hour and about half was taken off as 
distillate. The second fraction was then fed in and the residue col- 
lected in the same drum with the residue from the first fraction. The 
combined residues were then fed through, followed by the third frac- 
tion. This procedure was continued until all the cuts had passed 
through the still and about half a barrel of residue remained. Towards 


? The assistance of E. P. Schoonover, C. L. Miller, and F. W. Melpolder was invaluable in assembling te 
still and conducting the distillations. 
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the end of the distillation no water was run through cooler, e, because 
the residue was very viscous. Samples of about 25 ml were reserved 
from each fraction of distillate for the determination of the boiling 
point and refractive index. For this distillation X, was kept open 
0 that practically no oil was returned to the top of the column. 

The second distillation was run at the rate of a liter an hour with 


X, set so that about three-quarters of the distillate was returned to 
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Fiaure 6.—Graph of first distillation in laboratory still. 
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the column. The fractions from the first distillation were fed into 
the reservoir, 73, in rotation interspersed with residues, as with the 
first distillation. Figures 6 and 7 show graphs of the first two distil- 
lations. The boiling points were determined on the smali samples 
after the distillations were completed, because a suitable apparatus 
was not available at the time of the distillation. 

The third distillation was run in the same way, except that all the 
fractions of distillate and residue were fed into the supply reservoir 
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as nearly as possible in order of boiling points. It was found that the 
fractions from the distillations were not always successively higher- 
boiling, probably because high-boiling residues had been mixed with 
low-boiling fractions or because of the operation of the still. Figure 
g shows the graph of the third distillation. 


vI. APPARATUS FOR DETERMINING BOILING POINTS AT 
LOW PRESSURES 


Since the pressure in the still was not constant, it was impossible to 
determine the boiling points of the cuts by their condensation points 
at the top of the column. The apparatus described by Schicktanz ® for 
determining boiling points at low pressures was not sufficiently rapid 
to keep pace with the distillation. Therefore, it was necessary to 
build an apparatus for the purpose. 

Figure 9 shows the construction of one unit from a battery of six 
which was finally used. The oil was stirred and sprayed over a 
thermometer by a pump which consisted of a metal plunger, J, worked 
up and down inside the evacuated apparatus by the solenoid, H. As 
the plunger dropped, boiling oil was pumped through Q and reservoir 
P and was thrown over the bulb of the thermometer, J, from the jets, 
L. When the plungers rose, the oil drained back to the boiler again 
through O. Tube G was necessary to equalize the pressure above and 
below the plungers when gas was admitted rapidly into the’apparatus. 

The plungers were made in two sections, the upper of iron and the 
lower of aluminum for lightness, and to allow for expansion on heating 
were not fitted tightly into the tubes. Some difficulty was experienced 
with warping until the metal became annealed. The springs, F, 
above and below the plunger absorbed the recoil when the apparatus 
contained no oil. 

The solenoid was wound with 2 pounds of No. 28 copper wire and 
operated directly on 110 volts d-c, drawing about % ampere. The 
solenoid was connected through plug S with a neon sign flashing unit. 
With the proper condenser across the contacts of the flasher to prevent 
arcing, all six solenoids could be operated simultaneously. Individual 
light flashers were tried but were not sufficiently rugged. 

The heater, N, was made by winding about 25 ohms of No. 20 
Chromel wire around the framework of the box and covering with wet 
asbestos paper. The heater was controlled by a rheostat and a snap 
switch, U. The box was suspended by wires from the supporting 
frame, and electrical connections were made through the plug, 7, so 
that it was easily removed. 

The pressures were read with a compound McLeod gage calibrated 
to multiply the pressure by 10, 200, and by 10‘. An attempt was 
made to use the decomposition pressures of silver carbonate at several 
temperatures for regulating the pressure, but they were not constant. 
Instead, the pressure was changed by introducing small quantities of 
gas through the three-way stopcock, R, and reading the pressures 
directly on the gage. 

The thermometers were calibrated in 0.5° intervals with a range 
from 150° to 300° C and were easily removed through the cap, A, for 
checking the calibration. 


' Sylvester T. Schicktanz, J. Research NBS 14, 685 (1935) RP796. 
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SIDE VIEW FRONT VIEW 


FicuRE 9.—Unit of multiple apparatus for determining rapidly boiling points at low 
pressures. 
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Six of these units were mounted compactly on an iron frame 
(fastened by clamps at £) and connected to a common diffusion pump 
and McLeod gage. 

To operate the apparatus, about 20 ml of oil was drawn into each, 
of the reservoirs, P, through tube M with the plungers held in the 
raised position, and the end sealed with fusible cement. The whole 
apparatus was then evacuated with the solenoids operating. Viscous 
samples often frothed badly unless the oil was heated before evacuating, 
The oil was then heated till the condensation ring was visible about 
the top of the thermometers. The stopcock, D, to the diffusion pump 
was closed, and a few minutes allowed for the apparatus to come to 
equilibrium. The temperatures and the pressure were then read as 
quickly as possible. A small quantity of gas (generally air, since little 
decomposition occurred) was admitted through F# and the temperatures 
were allowed to adjust themselves to the new pressure. The new temper- 
atures and pressure were read. ‘The procedure was continued in 
pressure increments of about 0.2 mm Hg until the pressure reached 
approximately 1 mm. By plotting the reciprocal of the absolute 
temperature with respect to the logarithm of the pressure, or the 
reciprocal of the absolute temperature against the pressure on semi- 
logarithmic paper, the boiling points were determined at 1 mm by 
interpolation or slight extrapolation. , 

To refill the apparatus, the stopcock, C, to the gage was closed, and, 
as soon as the oil had cooled somewhat, air (N, or CO, might be used 
was admitted to the apparatus through B. With the plungers stopped 
in the raised position, the wax seal was melted, the oil blown out, 
the next sample drawn in, and the tube waxed shut again for each 
of the boilers in succession. Since successive fractions of the distilla- 
tions had so nearly the same boiling points, it was unnecessary to 
wash the boilers. The oil, when warm, was almost completely re- 
moved by blowing air through. The whole operation required 
about an hour and a quarter and as many as seven complete sets of 
determinations were made in 8 hours. 


VII. RESULTS OF THREE LABORATORY DISTILLATIONS 


The lowest line in the chart of figure 4.shows that approximately 
762 kg of material remained after three distillations. This shrinkage 
of 40 kg (802 kg minus 762 kg) occurred mostly in the first distilla- 
tion, some as the result of accidents and a considerable amount by 
pumping off gas and very light material which were occluded in the 
heavy residues. Rapid dilution of the oil in the Hypervac pump and 
pungent exhaust gases were noted towards the end of the first dis- 
tillation. This did not occur in the second and third distillations. 

Comparison of figures 6, 7, and 8 shows that the distribution of 
material with respect to the boiling-range changes with successive 
distillations and further distillation would doubtless cause improve- 
ment in the fractionation. To indicate the degree of fractionation 
which was obtained, samples of fractions from the third distillation 
boiling at 198°, 241°, and 253° C, respectively, were distilled in the 
small glass still. The boiling points of the distillate ranged over 20° 
to 30°, but 30 to 40 percent of each sample boiled within a range of 
5°. The boiling points of the samples themselves were within 5° 
of the temperatures of the constant-boiling portions and were con- 
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siderably more easily determined than the latter values. The boiling 
points of the fractions were, therefore, used in plotting the distillation 
curves of the figures. The ‘tendency to concentrate in four tempera- 
ture ranges is marked in both the second and third distillations; 
namely, between 183° and 200°, between 210° and 225°, between ‘ 230° 
and 240° (240° and 250° on second distillation), and between 245° 
and 250° (260° to 265° on second distillation). 


Taste 1.—Effect of change in pressure on the boiling points of fractions from the 
third distillation 


1 





Boiling point 





Fraction — aa erie 
0.1mm Hg | 10mmHg/} 10mmHg | 40mm Hg 





°C °C ae ‘Cc 
149 | 159 243 
158 | 56 205 248 
164 5 263 
177 : ‘ 269 
7 i 276 


190 
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The effect on the boiling points of varying the pressure is shown in 
table 1 for some of the fractions from the third distillation. Boiling 
points above 295° C were obtained by extrapolation but are con- 
sidered fairly reliable, because the relation between the reciprocal of 
the absolute temperatures and the logarithms of the pressures is 
nearly linear at the higher pressures. At pressures less than about 
| mm Hg, the rate of ‘decrease in the boiling point with decreasing 
pressure apparently becomes less. The behavior may be caused by 
the relatively greater effect of superheating resulting from the hydro- 
static head of oil in the apparatus. 

The curves of refractive index of all three distillations bear a general 
resemblance but the scales are large and the details cannot be inter- 
preted too closely. The curve of specific dispersion ® which is shown 
for the third distillation is also plotted on a large scale. Some of 
‘he variations are greater than the precision of the measurements 
+2), however, and minima in the specific dispersion curve appear to 
coincide roughly with the large volumes of distillate. 

Figure 10 compares the preliminary distillation of the naphtha 
fraction of the oil on which the earlier work of this project had been 
done with the third distillation of the new lot of lubricating oil. It 
is to be observed that considerably more material is available in about 
the same range of temperature for the work on the lubricating oil 
than was available for work on the naphtha fraction." Large con- 
centrations in volume in small ranges of temperature occur in both 
NT ie authors are indebted to J. P. Haimovicz for the measurements of specific dispersion. 

* Data on naphtha fraction translated from figure 2, Present status ng isolation and identification of the 


"0 mie in a midcontinent petroleum, R. T. Leslie and J. D. White, J. Research NBS 15, 215 
2 P824 
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fractions, but the refractive index shows much less variation in the 
distillate of the lubricant than of the naphtha fraction. The smaller 
variation probably indicates, as was found in the work on another 
midcontinent petroleum, that a large percentage of molecules were 
not “pure types’? but contained both alkyl groups and naphthene 
ings ' or alkyl groups, naphthene rings, and aromatic rings,” rather 
than being purely paraffinic, naphthenic, or aromatic. 

It should be noted that the two graphs are not strictly comparable 
since the wax (the readily crystallized material) was removed from the 

lubricant material before distillation. The analogous material (readily 
rystallized) in the naphtha fraction proved to be the normel hydro- 
arbons, and these also constituted the major portion of the large con- 

entrations in volume. The wax which was removed probably con- 
i ied a large percentage of normal hydrocarbons, since the melting 
points of most of the hydrocarbons with molecular weights likely to be 
‘ound in this material  * # are reported in the literature as above 
room temperature. However, it has been shown that the wax con- 
tains other types of hydrocarbons as well. It may be expected also 
that considerable normal compounds and compounds with high melt- 
ing points were retained in solution in the liquid constituents. It 
seems probable, therefore, that ‘dewaxing’? would remove norma! 
hvd e arbons and compounds with long chains in the largest propor- 
tion but also remove other high-melting compounds which were present 
in considerable concentrations. It is also probable that none of these 
types of compounds was removed completely. This is especially 
likely since many of the molecules which boil in this range are not pure 
types. 

In the naphtha fraction the large volumes occurred near the boiling 
points of the normal hydrocarbons. Though no values for the boiling 
points of hydrocarbons of high molecular weight are available in the 
literature, it is not likely that the concentrations in volume of distillate 
in the lubricating oi] are caused by successive normal hydrocarbons. 
It is suspected that the six-membered ring is the unit of difference in 
molecular weight of the families of hydrocarbons in the lubricating oil 
which boul close together. 


WASHINGTON, July 19, 1938. 
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